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Sir: 



I, FRANCOIS LAVELLE, make the following declaration: 

1. I am the Director of the Department of Biologie, Service de Cancerologie by 
RHONE-POULENC RORER RECHERCHE-DEVELOPPEMENT, the wholly owned 
subsidiary of RHONE-POULENC RORER S.A., the assignee of the above-identified 
application (the "'984 Application"). 



2. 



2a. I received a Doctorat es Sciences at the Universite de Paris. I have been 
employed in the position of Director of the Department of Biologie, Service de Cancerologie 
for 17 years. Included in my responsibilities is the supervision of biological assays of 
compounds for anti-tumor activity and in particular the assay of compounds in the taxoid 
family for properties of tumor cell growth inhibition and tumor cell death. I am a co-author 
on numerous publications including those listed in attached Appendix I. 

2b. Based upon my professional and educational background and experience, 

I am familiar with anti-tumor compounds, including compounds of the taxoid family, and their 
pharmacological profiles, including their anti-tumor properties. In this declaration I will 
present and explain the results of studies comparing the anti-tumor properties of three 
members of the taxoid family: a cyclopropyl taxoid compound referred to herein as 
Compound I, and two other cyclopropyl taxoid compounds, referred to herein as Compounds 

II and III, which are the closest structural analogues of Compound I disclosed in the 
08/162,984 patent application ('984 application) and U.S. Patent No. 5,254,580 (10/19/93) to 
Chen et al., assigned to Bristol-Myers Squibb Company (the "'580 patent"). 

2c. I executed a declaration on December 27, 1994, that was filed in this 
application on December 29, 1994. Since that time, I have had the occasion to further study 
that declaration and found some inadvertent errors. To correct those errors, to expand on and 
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clarify other points, and to omit certain information which I understand to be irrelevant, I am 
withdrawing my previous declaration and present this new replacement declaration for 
consideration by the United States Patent and Trademark Office. 

3 . I organized and directly supervised the pharmacological study of Compounds 
I, II, and HI. Specifically, I supervised biological studies which compared the anti-tumor 
properties of a formulation containing Compound I with those of otherwise identical 
formulations respectively containing Compounds II and III. 

4. Compound I, which was studied, can be named 4a-10B-diacetoxy-2a- 
benzoyloxy-5B,20-epoxy- 1 B-hydroxy-76, 86-methylene-9-oxo- 1 9 7 nor- 1 1 -taxen- 1 3a-yl (2R,3 S)- 
3-tert-butoxycarbonylamino-2-hydroxy-3-phenylpropionate, which is exemplified in the '984 
application in Example at pp. 40-41 . Compound I is also disclosed in Example 23 of the '580 
patent. The '580 patent identifies Compound I by the name of N-debenzoyl-N-t- 
butoxycarbonyl-7-deoxy-8-desmethyl-7,8-cyclopropataxol, which is synonymous with the 
name given for Compound I in the '984 application. 

5. Compounds II and III are exemplified in the '984 application in Example 1, 
p. 30 (Compound II), in Example 2 of the '984 application at pp. 36-37 (Compound HI), and 
in the '580 patent in Examples 3 and 21 (Compound III). Compound II also falls within the 
genus of formula I found at column 1 of the '580 patent but is not exemplified in the '580 
patent. 

6. Compounds I, II, and III have the following structural formulae: 



o 




COMPOUND I 



- 2 - 
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COMPOUND II 




. COMPOUND m 

7. Compound II differs from Compound I only in that Compound II has an 
hydroxy group instead of an acetoxy group at position 10. Compound III differs from 
Compound I only in that instead of the t-butoxy group on the side-chain, Compound III has 
a phenyl group. 

8. 

8a. The biological studies which I supervised compared the in vitro and in 
vivo anti-tumor properties of Compounds I, II and in. The purpose of the in vivo test was 
to assess relative antitumor activity. 

8b. In the in vitro study, the anti -tumor properties of compounds I, II, and 
III were compared against two different tumor cell lines characterized by low and high 
expression of the multi-drug resistance gene. It is known that some cancers, such as colon 
cancer, are intrinsically drug resistant while others acquire resistance following chemotherapy. 
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This phenomenon is known in the art as multidrug resistance, and multi-drug resistant cell 
lines usually contain an amplified gene, termed MDR1 in the human. Thus, in the treatment 
of such types of cancer, the multidrug resistance properties of a drug are highly significant. 
In general, see J Natl Cancer Inst 1989;81:116-124, attached as Appendix II. 



8c. The in vitro activity is evaluated in the P388 murine leukemia cell line 
and the P388 murine leukemia cell line resistant to doxorubicin and expressing the 
multi-drug resistance gene (P388/DOX). Use of these murine leukemia cell lines in 
evaluating multi-drug resistance is well-accepted in the art, as exemplified in Cancer 
Treat Rep 67:905-922, 1983, attached as Appendix III. 

8d. 3 x 10 5 cells/ml were grown for 96 hours in the presence of various drug 
concentrations. Cells were then incubated for 16 hours with 0.02% natural red, 
washed and lyzed with 1% SDS (sodium dodecyl sulphate). 

8e. The incorporation of the dye reflecting the cellular growth was assayed 
by optical density measurement at 540 and 346 nm. 

8f. The concentration of the drugs resulting in 50% growth inhibition (IC 50 ) 
was then determined: the lower the IC 50 value the higher the potency of the 
compound. 

8g. The lower the ratio (IC 50 -P388/DOX)/(IC 50 -P388) ? the "Resistance 
Factor R," the higher the activity of the compound as an effective tumor cell growth 
inhibitor of multi-drug resistant cell lines. 

8h. The results of the comparative in vitro study are presented in the 
following Table A. 



Description of the In Vitro Test 
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TABLE A 



Compound 


IC 50 (ng/ml) 
P388 


IC 50 (^g/ml) 
P388/DOX 


Resistance Factor R 


I 


0.03 


0.25 


8 


II 


0.03 


0.45 


15 


m 


0.085 


1.80 


21 



Description of the In Vivo Test 



8i. In the in vivo study, antitumor activity of compounds I, II and III were 
evaluated in B16 melanoma-bearing mice wherein tumors were implanted as subcutaneous 
bilateral fragments in B6 D2F1 mice. 

Description of the methodology 

8j. The animals necessary to begin a given experiment were pooled and implanted- 
-subcutaneously bilaterally with 30 to 60 mg tumor fragment on day 0 with a 12 gauge trocar. 
Bilateral implants were used to insure a more uniform burden per mouse and thus reduce the 
requirement for a greater number of mice per group. 

8k. For an early stage tumor treatment, the tumor-bearing animals were again 
pooled before unselected distribution to the various treatment and control groups. 

81. For an advanced stage treatment, the solid tumors were allowed to grow to the 
desired size range (animals with tumors not in the desired range were excluded). The mice 
were then pooled and unselectively distributed to the various treatment and control groups. 

8m. Non tumor bearing animals (NTBA) were often matched to tumor-bearing 
groups and given the same route, dose and schedules. In this way, drug-induced toxicity can 
be clearly separated from the effects of the tumors. 

8n. Chemotherapy was started within 3 to 24 days after tumor implantation. 
Compounds I, II, and III were injected intravenously (i.v.) under a volume of 20 ml/kg. Mice 
were checked daily and adverse clinical reactions were noted. 

8o. Each group of mice was weighed as a whole three to five times weekly until 
the weight nadir was reached. The groups were weighed once or twice weekly until the end 
of the experiment. 

8p. Tumors were measured with a caliper twice or three times weekly until the 
tumors reached 2,000 mg or until the animal died (whichever came first). 
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8q. Solid tumor weights were estimated from two dimensional tumor 
measurements. 



8r. The day of death was recorded. Surviving animals were killed and 
macroscopic examination of the thoracic and abdominal cavities was carried out. In some 
cases, tissue samples were submitted to histological evaluation. 



8s. Antitumor activity evaluation was done at the highest non-toxic dosage 
(HNTD). "HNTD" is defined as the dose which gives no lethality and produces less than 
20% body weight loss at nadir. A dosage producing 20% weight loss nadir (mean group) or 
20% or more drug deaths, was considered an excessively toxic dosage. Animal body weights 
included tumor weights. 



8t The treatment and control groups were measured when the median of the 
control group tumors reached approximately 750 to 1,200 mg. The median tumor weight of 
each group was determined. 

8u. The T/C value in percent is an indication of antitumor effectiveness: 



8v. According to NCI (National Cancer Institute) Standards, a T/C < 42% (score: 
+) is the minimal level to declare activity. A T/C < 10% (score: ++) is considered to 
indicate high anti tumor activity and is the level used by NCI to justify further development. 
This is indicated in Instruction 27 IB, dated April 1, 1978, attached as Appendix IV. As is 
seen therein, there are four types of tumors for which median tumor weight is the appropriate 
parameter, as in the tests described herein. In all four instances, the "Initial Activity" is 
reported at <42. In the three instances where further studies were reported, DN2 is given as 
<10%. DN2 means decision number 2, thus reflecting a level that would justify further 
development, according to the National Cancer Institute standards. 



Tumor weight (mg) = length (mm) x width 2 (mm 2 ) 

2 



End point for assessing antitumor activity 



- Tumor growth inhibition (T/C) 



T/C (%) = 100 x 



median tumor weight of the treated groups 
median tumor weight of the control groups 



- 6 - 
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- Tumor growth delay 

8w. T and C are the median times (in days) required for the treatment group and 
the control group tumors respectively to reach predetermined size (usually 750 to 1,000 mg). 
Tumor free survivors are excluded from these calculations and tabulated separately. 

8x. This value is the more significant one as it allows the quantification of the 
tumor cell kill, discussed below as log cell kill. 

- Determination of the tumor doubling time (Td) 

8y. Td is estimated from the best fit straight line from a log linear growth plot of 
the control group tumors in exponential growth (100 to 1,000 mg range). 

- Quantification of tumor cell kill 

8z. For subcutaneous growing tumors, the total log cell kill is calculated from the 
following formula: 

log cell kill (gross or total) = (T - Q value in days 

3.32 x Td 

where T-C is the tumor growth as described above and Td is the tumor volume doubling time 
in days. 



8aa. The log cell kill value can be converted to an arbitrary activity rating with the 
following table as is shown at page 718 of CANCER RESEARCH 44, 717-726, February 
1984, attached as Appendix V: 



Activity 


Duration of treatment (5-20 days) 
log 10 kill gross 


Highly active mm 


> 2,8 


+++ 


2.0 to 2.8 


-H- 


1.3 to 1.9 


+ 


0.7 to 1.2 


Inactive - 


< 0.7 



8ab. With respect to log cell kill value, there is a significant difference between 
ratings of +++ and i m I as compared to + and ++. This is explained at page 718 of 
Appendix V as follows: 



An activity rating of +++ or mm is needed to effect partial or complete regression 
of 100- to 300-mg masses of most transplanted solid tumors of mice. Thus, an activity 
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rating of + or ++ would not be scored as active by usual clinical criteria, (footnote 
omitted) 

8ac. The results of the comparative in vivo study are presented in the following 
Table B. I have included data relating to an additional test regarding Compound I that was 
overlooked when my December 1994 declaration was prepared. Also, the box below Table 
B has been modified to correct an error in transcription regarding the log cell kill scores that 
occurred in my December 1994 declaration and to add some additional clarifying information 
regarding the T/C x 100 scores. These changes are consistent with the information given in 
Appendices IV and V. 

TABLE B 



Compound 


T/C x 100 


Score 


Log cell kill 


Score 


I 


6 


++ 


2.7 


+++ 


I 


16 


+ 


2.0 


+++ 


II 


17 


+ 


1.0 


+ 


III 


53 




not relevant 


not relevant 



In the experiments: tumor (B16 melanoma) grafted s c. on day 0 in mice; 


i.v. treatment 


on days 5, 7 and 9. 




Score (T/C x 100): T/C < 10 : ++ (highly active); T/C from 10 to 42: + 


(active); T/C > 


42: - (inactive) (see Appendix IV). 




Score (Log cell kill); <0.7 : - ; from 0.7 to 1.2: + ; from 1.3 to 1.9: ++ ; 


from 2.0 to 


2.8: +++ (see Appendix V). 





8ad. Based on my experience and education, "log cell kill" is more closely related 
to tumor regulation than is "T/C x 100", which is consistent with the fact that Appendix V 
refers only to "log cell kill" and not to "T/C x 100" with respect to antitumor activity. 
Further, I note that since it was determined that Compound III is inactive in accord with the 
NCI T/C standards set forth in Appendix IV, "log cell kill" for Compound III is irrelevant and 
was not evaluated. 

CONCLUSION 

9. Based upon the results of the biological evaluation shown in the above Tables 
A and B, it is my professional opinion that Compound I is the superior anti-tumor compound 
in comparison to the closely related compounds II and III. 



... 1,7 
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9a. As shown by the in vitro tests, Compound I significantly has about 2-3 
fold more effective multi-drug resistance properties than Compounds II and III. 

9b. In the in vivo tests, Compound I, having a log cell kill arbitrary activity 
rating (see the Table above in ^ aa) of +++ , was superior to Compound n, which, although 
active, demonstrated a log cell kill arbitrary activity rating of only + . Even though the two 
tests run on Compound I had log cell kills that differed by 0.7, the important point is that 
both values correspond to an arbitrary activity rating score of +++ . As part of my 
experience explained above, I have had the occasion to do many in vivo tests of the same type 
described above on the known TAXOTERE® antitumor compound , which is also a member 
of the taxoid family and has the following structural formula: 




TAXOTERE® Antitumor Compound 

To the best of my recollection, even though the log cell kill values of TAXOTERE® 
antitumor compound have differed in numerical value in these in vivo tests, the arbitrary 
activity rating score has always been +++ . Thus, I have no reason to believe that if I 
repeated the in vivo test for Compound II, I would obtain a different arbitrary activity rating 
score. 

9c. The in vivo tests also demonstrate that, in accord with the T/C x 100 
evaluations, Compound I is active, and Compound HI is inactive. Such a difference between 
active and inactive is significant, even though the log cell kill is more closely related to tumor 
regulation. 

9d. Thus, in view of the close structural similarities of Compounds I, II, and 
HI, I consider that the multi-drug resistance properties and the log cell kill properties reported 
herein, taken together, demonstrate that Compound I is unexpectedly superior to 
Compounds II and III. 

10. I declare further that all statements made herein of my own knowledge are true 
and that all statements made on information and belief are believed to be true and further that 
these statements were made with the knowledge that willful false statements and the like so 

-9- 
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made are punishable by fine or imprisonment, or both, under Section 1011 of Title 18 of the 
United States Code and that such willful false statements may jeopardize the validity of the 
'984 Application or any patent issuing thereon. 

Dated: April 24, 1995 By: J 

Frangois Lavelle 

lave204.dec 
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APPENDIX I 



PUBLICATIONS 



- Luminescence des champignons lumineux 
F. LAVELLE. P. DUROSAY et A.M. MICHELSON 

C.R. Acad. Sci. Paris 225 (1972) - 1227-1230. 



- Biological protection by superoxide dismutase 
F. LAVELLE. A.M. MICHELSON and L DIMITRIJEVIC 

Biochem. Biophys. Res. Com. 55 (1973) - 350-357. 



- Superoxyde dismutase - Fonction et concentration de I'erythrocupreine chez I'humain normal 
F. LAVELLE. K. PUGET et A.M. MICHELSON 

C.R. Acad. Sci. Paris 2ZS. (1974) - 2695-2698. 



- Purification et etude des deux superoxyde dismutases du champignon Pleurotus oiearius 
F 1AVELLE et A.M. MICHELSON 

Biochimie 52 (1 975) - 375-38Z 



• Superoxide dismutase activities of blood platelets in trisomy 21 
P.M. SINET, F. LAVELLE. A.M. MICHELSON and H. JEROME 

Biochem. Biophys. Res. Com. SL (1975) - 904-909. 



- Superoxide dismutases from procaryote and eucaryote bioluminescent organisms 
K. PUGET, F. LAVELLE and A.M. MICHELSON 

in 'Superoxide and Superoxide Dismutases* 

Edited by A.M. MICHELSON, J.M. McCORD and I. FRIOOVICH • Academic Press, (1977) - 
139-150. 



- A pulse - radiolysis study of the catalytic mechanism of the iron-containing superoxide dismutase 
from Photobacterium leiognathi 

F. LAVELLE. M.E. McADAM, E. MARTIN FIELDEN. P. ROBERTS, K. PUGET and A.M. • 
MICHELSON 

Biochem. J. 151 (1977) - 3-1 1. 




- A pulse - radiolysis study of the manganese-containing superoxide dismutase from Bacillus 
stearothermophilus : I A kinetic model for the enzyme action 
M.E. McADAM, R.A. FOX, F. LAVFLLF and E. MARTIN FIELDEN 

Biochem. J. lf£ (1 977) • 71 -79. 



• A pulse - radiolysis study of the manganese-containing superoxide dismutase from Bacillus 
stearothermophilus : II. Further studies on the properties of the enzyme 
M.E. McADAM, F. LAVFLLF. R.A. FOX and E. MARTIN FIELDEN 

Biochem. J. Ifi5 (1977) - 81-87. 

- The involvement of the briding imidazolate in the catalytic mechanism of action of bovine superoxide 
dismutase 

M.E. McADAM, E. MARTIN FIELDEN, F. LAVFLLF. L CALABRESE, D. COCCO, G. ROTIUO 
Biochem. J. JfiZ (1977) - 271-274. 



• Experimental and clinical activity of new anthracycline derivative : detorubicin 
(1 4-diethoxyacetoxydaunorubicin) 

R. MARAU D. HEUSSE. F. LAVFLLF. G. CUEILLE, M. MARLARD, C. JACQUILLAT, 
J. MARAL, M.F. AUCLERC, M. NEIL, G. AUCLERC and J. BERNARD 

Recent results in Cancer Research (1980) - 171-183. 



Iron (lll)-Adriamycin and iron (III) • Daunorubicin complexes. Physicochemical characteristics, 

interaction with DNA and antitumor activity. 

H. BERALDO. A. GARNIER-SUILLEROT. L TOSI, F. LAVFLLE 

Biochemistry 22 0 985) - 284-289. 



The experimental antitumor activity of 8-carbamoyl-3-(2-chloroethyl)-imidazo[5,1-d]-1, 2, 3, 5- 
tetrazin-4 (3H)-one (Mitozolomide), a novel broad spectrum agent 

J.A. HICKMAN, M. F.G. STEVENS, N.W. GIBSON, S.P. LANGDON, C. FIZAMES, F. UWFLLF. 
G. ATASSI and E. LUNT 

Cancer Research 45 (1985) • 3008-3013. 



Synthesis and antitumor activity of 3'-C-Methyl-Daunorubicin 

T.T. THANG, J.L IMBACH, C. FIZAMES. F. LAVFLLF. G. PONSINET, A. OLESKER and 
G. LUKACS 

Carbohydrate Research 125 (1985) • 241 -247. 
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- Utilisation de cellules permeabilisees dans I'etude de produits inhibiteurs de la replication de virus de 
I'herpes 

I. BAGINSKI, G. COLSON, F. LAVELLE . A. ZERIAL 
Pathologie Biologie 32 (1985) • 618-622. 



Structure et Activite des Anthracyclines 
F. LAVFL1 F. 

Pathologie Biologie 25 (1987) -11-19. 



- Interface preclinique - Phase I des nouvelles molecules en Cancerologie 
F. UWELLE 

Pharmacologic clinique : Actualites et Perspectives 
Editions de I'INSERM, 155(1987) • 195-206. 



- Protocoles d'etude preclinique des agents antitumoraux 
F. LAVELLE. A. CURAUDEAU 

Developpement et evaluation du medicament 
Editions de I'INSERM, 15Z (1987) - 177-194. 



• Synthesis and Experimental Antitumor properties of 6-alkyl (or aryl) thio-5 deazapteridines 
F. POCHAT, F. I AVFLLF. C. FIZAMES and A. ZERIAL 

Eur. J. Med. Chem. 22 (1.987) - 135-137. 

- Antitumor imidazotetrazines • Part 14 - Synthesis and antitumor activity of 6 and 8-substituted 
imidazo [5, 1-d]- 1,2,3,5 tetrazinones and 8-substituted pyrazolo [5,1-dl-1,2,3,5-tetrazinones 
E. LUNT, C.a NEWTON, C. SMITH, G.P. STEVENS, M.F. G. STEVENS, C.G. STRAW, 
R.J.A. WALSH, P.J. WARREN. C. FIZAMES. F. LAVELLE. S.P. LANGOON and LM. VICKERS 

J. Med Chem. 30. (1987) - 357-366. 



• Antitumor activity and pharmacokinetics in mice of 8-carbamoyl-3-methyl-imidazo 
[5,1-dH,2,3,5-tetrazin-4 (3H) one (CCRG 81 045 ; MB 39 831). 
A novel drug with potential as an alternative to dacarbazine 

M.F. G. STEVENS. J.A. HICKMAN, S.P. LANGOON, D. CHUBB, L VICKERS, R. STONE, 
G. BAIG, C. GODDARD. J.A. SLACK, C. NEWTON, E LUNT, C. FIZAMES and F. LAVELLE. 

Cancer Research 42 (1 987) • 5846-5852 




- La girolline, nouvelle substance antitumorale extraite de I'eponge, Pseudaxinyssa cantharella n. sp. 
(Axinellidae) 

A. AHOND, M. BEDOYA ZURITA, M. COLIN, C. FIZAMES, P. LABOUTE, F. LAVFI I P. 
D. LAURENT, C. POUPAT, J. PUSSET, M. PUSSET, 0. THOISON et P. POTIER 

C. R. Acad. Sci. Paris, t. 307. Serie II, 1988, p. 145-148. 



• Differential sensitivity to pertussis toxin of 3T3 cells transformed with different oncogenes 
I. REY, H. SUAREZ, F. LAVELLE and B. TOCQUE 

FEBS Letters, 22L (1988) 203-207. 



• La strategic de la recherche des medicaments anticancereux 
F. LAVFI IF 

Cancer Communication, Z 1988, 257-260. 



• Synthesis and antitumor activity of 1-(dialkylamino)alkylamino-4-methyl-5H-pyrido [4,3-b] benzo [e] 
(and benzo [g]) indoles. A new class of antineoplastic agents. 
C.H. NGUYEN, J.M. LHOSTE, F. LAVFLLF. M.C. BISSERY and E. BISAQNI 

J. Med. Chem., 1990, 33, 1519-1528. 



- The preparation of the 8-acid derivative of mitozolomide, and its utility in the preparation of active 
anti-tumor agents 

K.R. HORSPOOL, M.F.G. STEVENS, C.G. NEWTON, E. LUNT, R.J.A. WALSH, B.L PEDGRIFT, 
G.U. BAIG, F. LAVELLE and C. FIZAMES 

J. Med. Chem., 1990, 22. 1393-1399. 



- Relationships between the structure of taxol analogues and their antimitotic activity 
F. GUERITTE-VOEGELEIN, D. GUENARD, F. LAVFLLF. M.T. LE GOFF, L MANGATAL and 
P. POTIER 

J. Med. Chem., 1991, 34, 992-998. 



• Antitumor activity and mechanism of action of the marine compound girodazole 
F ' AVFI I P. A. ZERIAL, A. CURAUDEAU. B. RABAULT and C. FIZAMES 

Investigational New Drugs, 1991, 2. 233-244. 




- Heterocyclic quinolones. 1 7. A new in vivo active antineoplastic drug : 6,7-Bis 
(1 -azmdinyl)-4-[3-(N,N, dimethylamino) propyl]amino]-5,8-quinazolinedione 
S. GIORGI-RENAULT, J. RENAULT, P. GEBEL-SERVOLLES, M. BARON, C. PAOLETTI, 
S. CROS, M.C. BISSERY, F. LAVELLE et G. ATASSI 

J. Med. Chem., 1991,34. 38-46. 



- Experimental antitumor activity of Taxotere (RP 56976, NSC 628503C), a taxol analog 
M.C. BISSERY, D. GUENARD, F. GUERITTE-VOEGELEIN and F. LAVELLE 

Cancer Research, 1991, £L 4845-4852. 



- From the moderation of DNA platination to the conception of new drugs. 
E. SEGAL-BENDIRDJIAN, P. BREHIN, B. LAMBERT, A. LAOUI, J. KOZELKA, J.-M. GARROT, 
P. MAILUET, M. BARREAU, F. LAVELLE. A.-M.J. FiCHTINGER-SCHEPMAN, A.T. YEUNG, 
A. JACQUEMIN-SABLON, J.-B. LE PECQ and J.C.-CHOTTARD 

Platinum and Other Metal Coordination Compounds in Cancer Chemotherapy, 1991, 37-49. 



- Mode of action of the antitumor compound, Girodazole (RP 49532A, NSC 627434) 
G. COLSON, B. RABAULT, F. LAVELLE and A. ZERIAL 

Biochem. Pharmacol., 1992,43, 1717-1723. 



- Synthesis and antitumor properties of new 4-methyl-substituted-pyrido[4 I 3-b]indoles (7-carbolines). 
C.H. NGUYEN, E. BISAGNI, F. LAVELLE. M.C. BISSERY, and C. HUEL 

Anticancer Drug Design, 1992, L 219-233. 



- Further SAR in the new antitumor t-amino-substituted y-carbolines and 5H-benzo[e]pyrido(4,3-b] 
indoles series. 

C.H. NGUYEN, F. LAVELLE. J.F. RIOU, M.C. BISSERY, C. HUEL and E. BISAGNI 
Anticancer Drug Design, 1992, L 235-251. 



Metastatic phenotype of murine tumor cells expressing different cooperating oncogenes. 
A. VIRONE. R. MONIER, A. ZERIAL, F. LAVELLE and J. FEUNTEUN 

Int J. Cancer, 1992, 5L 798-804. 



Effects of Taxotere on murine and human tumor cell lines. 
J.F. RIOU, A. NAUDIN and F. LAVELLE 

Biochem. Biophys. Res. Com., 1992, IfiL 164-170. 




- Sequential modifications of topoisomerase I activity in acamptothecin resistant cell line established 
by progressive adaptation. 

I. MADELINE, S. PROST, A. NAUDIN, G. RIOU, F. LAVFLLF and J.F. RIOU 
Biochem. Pharmacol., 1993, 45, 339-348. 
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Expression of a Multidrug Resistance Gene 
in Human Cancers 

Lori J. Goldstein, Hanan Galski, Antonio Fojo, Mark WilUngham, 
Shinn-Uang Lai, Adi Gaidar, Robert Pirker, Alexander Green, 
William Crist, Garrett M. Brodeur, Michael Ueber, 
Jeffrey Cossman, Michael M. Gottesman, * Ira Pastan 



Many cancers have been cured by chemotherapeutic agents. 
However, other cancers are intrinsically drug resistant, and 
some acquire resistance following chemotherapy. Cloning of 
the cDNA for the human MDR1 gene (also known as PGY1), 
which encodes the multidrug efflux protein P-glycoprotein, 
has made it possible to measure levels of MDR1 RNA 
in human cancers. We report the levels of MDR1 RNA 
in >400 human cancers. MDR1 RNA levels were usually 
elevated in untreated, intrinsically drug-resistant tumors, 
including those derived from the colon, kidney, adrenal 
gland, liver, and pancreas, as well as in carcinoid tumors, 
chronic myelogenous leukemia in blast crisis, and cell lines 
of non-small cell carcinoma of the lung (NSCLC) with neu- 
roendocrine properties. MDR1 RNA levels were occasion- 
ally elevated in other untreated cancers, including neu- 
roblastoma, acute lymphocytic leukemia (ALL) in adults, 
acute nonlymphocytic leukemia (ANLL) in adults, and in- 
dolent non-Hodgkin's lymphoma. MDR1 RNA levels were 
also increased in some cancers at relapse after chemother- 
apy, including ALL, ANLL, breast cancer, neuroblastoma, 
pheochromocytoma, and nodular, poorly differentiated lym- 
phoma. Many types of drug-sensitive and drug-resistant 
tumors, including NSCLC and melanoma, contained un- 
detectable or low levels of MDR1 RNA. The consistent 
association of MDR1 expression with several intrinsically 
resistant cancers and the increased expression of the MDR1 
gene in certain cancers with acquired drug resistance indi- 
cate that the MDR1 gene contributes to multidrug resistance 
in many human cancers. Thus, evaluation of MDR1 gene 
expression may prove to be a valuable tool in the identifi- 
cation of individuals whose cancers are resistant to specific 
agents. The information may be useful in designing or al- 
tering chemotherapeutic protocols in these patients. [J Natl 
Cancer Inst 1989;81:116-124] 



Chemotherapeutic agents have proven to be effective in 
the cure or palliation of some human cancers; however, both 
intrinsic drug resistance and acquired drug resistance remain 
clinical obstacles in the treatment of many other cancers. For 
the study of the mechanisms of multidrug resistance, tumor 
cell lines have been selected for resistance to the Vinca al- 
kaloids, doxorubicin, dactinomycin, and related natural prod- 
ucts (7-5). Intracellular drug accumulation has been found to 
be decreased secondary to increased drug efflux in these cell 
lines (2,6). These multidrug-resistant cell lines usually con- 
tain an amplified gene, termed MDR1 (also known as PGY1) 
in the human, that is transcribed into a 4.5-kilobase mRNA 
(7-72). The protein product of this gene is a 170-kilodalton 



Received October 7, 1988; accepted October 19, 1988. 

Supported in part by Public Health Service grants CA-21765, CA-23099, 
and CA-31566 from the National Cancer Institute, National Institutes of 
Health, Department of Health and Human Services; and by the American 
Lebanese Syrian Associated Charities. 

L. J. Goldstein, H. Galski, A. Fojo, M. WilUngham, M. M. Gottesman, anH 
L Pastan (Laboratory of Molecular Biology, Division of Cancer Biology 
and Diagnosis), S.-L. Lai and A. Gazdar (NCI-Navy Medical Oncology 
Branch, Division of Cancer Treatment), and J. Cossman (Laboratory of 
Pathology, Division of Cancer Biology and Diagnosis), National Cancer 
Institute, Bethesda, MD. 

R. Pirker, Second Medical Clinic, Garnisongasse 13, A- 1090 Vienna, 
Austria. 

A. Green and W. Crist, Department of Hematology-Oncology, St Jude 
Children's Research Hospital, and Department of Pediatrics, University of 
Tennessee, Memphis, TN. 

G. M. Brodeur, Department of Pediatrics, Washington University School 
of Medicine, St. Louis, MO. 

M. Lieber, Mayo Clinic, Rochester, MN. 

We thank Brenda Gerwin, Geraldine Schechter, Give Grant, and John 
Long for supplying tumor samples. We also thank Joyce Sharrar, Jennie 
Evans, Althea Gaddis, and Ann Schombert for typing the manuscript and 
Steven Neal for photographic assistance. 

* Correspondence to: Dr. Michael M. Gottesman, Bldg. 37, Rm. 2E18, 
National Institutes of Health, Bethesda, MD 20892. 



16 



Journal of the National Cancer Institute 



membrane glycoprotein, called P-glycoprotein or the mul- 
tidrug transporter, which is an energy-dependent drug efflux 
pump (13,14). 

A full-length cDNA for the MDR1 gene from one of the 
multidrug-resistant human KB carcinoma cell lines has been 
isolated and sequenced (75,76). With the use of a region of 
this cDNA as a probe, the MDR1 gene has been shown to be 
expressed at a high level in normal human kidney, adrenal 
gland, liver, and colon (77). In the kidney, liver, and colon, 
the MDR1 gene product (P*glycoprotein) was present on the 
luminal surface of epithelial cells, which is consistent with a 
normal role of this protein as a transporter (75). In addition, 
several human cancers, including adenocarcinomas derived 
from tissues that normally express the MDR1 gene, have 
been shown to overexpress MDR1 RNA (77,79). Immuno- 
chemical analysis revealed overexpression of P-glycoprotein 
in two of five patients with ovarian carcinoma. (20) and 
in two patients with drug-resistant acute nonlymphocytic 
leukemia (ANLL) (27 ). In 25 patients with sarcoma, six tu- 
mor samples had elevated levels of P-glycoprotein (22). 

To investigate further the association of die expression of 
the MDR1 gene in human cancers with drug resistance, we 
have measured MDR1 RNA levels in many types of human 
cancers. We report here measurements of MDR1 RNA levels 
in >400 human cancer specimens. Our results identify four 
groups of cancers: (a) cancers that usually express high 
levels of MDR1 RNA, (b) cancers that occasionally express 
high levels, (c) cancers that rarely express MDR1 RNA, and 
(d) cancers that express the MDR1 gene at elevated levels 
after exposure to chemotherapeutic agents. Taken together, 
these results are consistent with an important role for the 
MDR1 gene in clinical drug resistance and suggest that 
measurements of MDR1 RNA can be useful in the design 
of chemotherapeutic protocols for certain tumors. 

Materials and Methods 
Cell Lines 

KB-3-1 is the drug-sensitive parental KB (HeLa) cell line. 
KB-8-5, which is four times as resistant to doxorubicin and 
six times as resistant to vinblastine, was derived in two steps 
from KB-3-1 by selection in colchicine (4). KB-8-5 has 
increased levels of MDR1 mRNA without gene amplification 
(7). Cell line KB-C1 was derived in two further steps from 
KB-8-5 and is 160 times more resistant to doxorubicin and 
96 times more resistant to vinblastine than KB-3-1 is (6). It 
has amplified the MDR1 gene about 100-fold and expresses 
MDR1 mRNA at a very high level (7). 

MDR1 Hybridization Probes 

cDNA was prepared with the use of RNA from KB-C2.5 
cells, which contain large amounts of MDR1 mRNA, and 
was inserted into the EcoRI site of bacteriophage Xgtll 
(75). Probe 5A, which encodes about one-third of the cod- 
ing region of a full-length MDR1 cDNA, was labeled by 
nick translation before use in the RNA slot blot analyses 
(75). An MDR1 genomic fragment of 785 base pairs (bp) 
that was derived from PvuO-digested plasmid pMDR-P2 
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was used to make a riboprobe with SP6 polymerase for 
the RNase protection assays. This fragment contains the 
transcription-initiation sites of the downstream promoter and 
additional sequences 5' to the downstream promoter (25). 
Deoxycytidine 5 r -[a- 32 PJtriphosphate (3,000 Ci/mmol; Ci = 
37 GBq) and uridine 5 r -[a- 32 P]triphosphate (3,000 Ci/mmol) 
were from DuPont/NEN Products (Boston, MA). Promega 
Biotec (Madison, WI) was the source of the PGEM4 and the 
Riboprobe Gemini System II. The Amersham Corporation 
(Arlington Heights, IL) manufactured the nick-translation 
system. 

RNA Extraction and Electrophoresis 

All samples were stored frozen at —70 °C. Before RNA 
extraction, solid tumors were pulverized on a metal surface 
on a bed of dry ice. Buffy coats from leukemia samples 
or leukemia blast cells isolated by Ficoll-Hypaque gradient 
centrifugation and frozen in 10% dimethyl sulfoxide were 
thawed rapidly at 37 °C and centrifuged. For lung can- 
cer and mesothelioma, cell lines were available for analy- 
sis. The lung cancer cell lines were established, grown, and 
characterized as previously described (24-28). Tissue cul- 
ture dishes and flasks of cell lines were washed twice with 
phosphate-buffered saline without calcium and magnesium. 
Total cellular RNA was extracted by homogenization in 
guanidinium isothiocyanate followed by centrifugation over 
a cesium chloride cushion (29) or by acid-phenol extrac- 
tion (JO). The RNA was electrophoresed in 1% agarose-6% 
formaldehyde gels. One microgram of total RNA was loaded 
per lane. The ribosomal RNA appeared undegraded in almost 
all samples reported here. Samples with degraded RNA were 
not further analyzed. 

Slot Blot Analysis 

Nitrocellulose filters were presoaked in 10X SSC (IX SSC 
= 0.15 M NaCl/15 mAf sodium citrate, pH 7). Serial di- 
lutions of 10, 3, 1, and 0.3 /xg of each sample of total 
RNA in 10X SSC were applied to each well of a Schlei- 
cher and Schuell slot blot apparatus. After baking at 80 °C 
in a vacuum oven, the filters were prehybridized for 4-6 
hours at 42 °C in 50% formamide, 5X SSC, 5X Denhardfs 
solution (IX Denhart's solution = 0.02% Ficoll, 0.02% 
polyvinylpyrrolidone, and 0.02% acetylated bovine serum al- 
bumin), 50 mAf sodium phosphate (pH 6.5), and 200 Mg of 
salmon sperm DNA/mL. The filters were then hybridized 
for 16 hours at 42 °C in 50% formamide, 5X SSC, IX 
Denhardt's solution, 10% dextran sulfate, 100 /xg of salmon 
sperm DNA/mL, and 20 mAf sodium phosphate (pH 6.5) 
with 5 X 10 6 cpm of nick-translated cDNA/mL. After hy- 
bridization, the filters were washed four times for a total of 1 
hour with IX SSC/0.1% sodium dodecyl sulfate (SDS) at 
23 °C followed by two 10-minute washes with 0.2X 
SSC/0.1% SDS at 50 °C. Autoradiographs were exposed for 
1-5 days. Hybridization with a nick-translated 7-actin probe 
(57) was performed to compare RNA loading. 

RNase Protection Assay 

The starting sites of MDR1 transcription in various human 
cell lines and tumors were mapped with an RNase protection 
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assay with the use of a labeled SP6 anti-sense RNA probe 
(785 nucleotides) derived from the PvuH-digested plasmid 
described above. Twenty micrograms of total RNA from 
each sample was hybridized with 3 X 10 s cpm of the ri- 
boprobe, and RNase digestion was performed as previously 
described (23,32). 



Results 

Quantitation of MDR1 RNA 

MDR1 RNA was routinely measured by a slot blot pro- 
cedure in which various amounts of RNA from unknown 
and known samples were applied to the same blot A typical 
RNA slot blot is illustrated in figure 1. RNA from KB-3-1 
cells, which are drug sensitive, and RNA from KB-8-5 cells, 
which are about fivefold multidrug resistant, were included 
in each blot Relative to KB-3-1 cells, the KB-8-5 cells have 
a 30- to 40-fold increase in MDR1 mRNA (77). On this ba- 
sis, the signal intensity of 10 fig of KB-8-5 total RNA was 
assigned an arbitrary value of 30 U. The value of the signal 
from each tumor is expressed relative to that of the signal 
from KB-8-5 RNA. KB-8-5 RNA gives a reproducible and 
easily detectable signal. To ensure reproducibility of results, 
we normalized the quantity of RNA loaded for the amount 
of actin RNA detected. Normalization was usually not nec- 
essary, since the amount of RNA was similar in all the blots 
(fig. 1). 

Cancers With High Levels of MDR1 RNA 

MDR1 expression was considered to be high if >50% of 
the cancers in each group had detectable levels of MDR1 
RNA. In a substantial proportion of the cancers, MDR1 RNA 
levels were >30 U (table 1). Levels of MDR1 RNA were high 



in several types of untreated cancers, including colon cancer, 
renal cell carcinoma, hepatoma, adrenocortical carcinoma, 
pheochromocytoma, islet cell tumor of the pancreas, chronic 
myelogenous leukemia (CML) in blast crisis, and carcinoid 
tumor, as well as in cell lines of non-small cell lung can- 
cer with neuroendocrine properties (NSCLC-NE). Typical 
results from colon and adrenocortical carcinomas are shown 
in figure I. The range of signals in four carcinoid tumors is 
illustrated by the RNA analysis in figure 2. 

We performed RNase protection experiments to determine 
whether MDR1 RNA in these specimens that contained ele- 
vated RNA levels initiated only at the downstream promoter 
used by normal human tissues or also at an upstream pro- 
moter detected in some multidrug-resistant cell lines. RNA 
preparations from most colon carcinomas and adrenocor- 
tical cancers and some carcinoid tumors, leukemias, and 
pheochromocytomas containing >30 U of MDR1 RNA 
were used for these analyses (fig. 3). For these analyses, 
a 785-bp RNA, representing genomic sequences encom- 
passing the promoter region and > 100 bp of the 5' region 
of the MDR1 mRNA, was hybridized with the RNA sam- 
ples in solution and then digested with RNase. Two frag- 
ments were detected when RNA from KB-8-5 cells and RNA 
from KB-Cl cells were analyzed, corresponding to two ma- 
jor transcription-initiation sites. The two fragments of 323 
and 130 bp, respectively, are indicated by arrows on figure 
3 and correspond to mRNA initiated at the upstream and 
the downstream promoters. In the specimens listed above 
from patients who had not previously received chemother- 
apy, only initiation from the downstream site was detected. 
The amounts of MDR1 RNA detected by RNase protection 
were similar to those detected by the slot blot analyses, which 
validates the use of slot blots for detecting MDR1 RNA 
levels. 
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Figure 1. Slot blot analysis of 
MDR1 expression in untreated 
human cancers. Lanes 1-3: to- 
tal RNA samples from colon 
cancer specimens. Lanes 4-6: 
RNA samples from adrenocor- 
tical carcinomas. Serial dilu- 
tions of 10, 3, I, and 03 Mg 
of total RNA were applied to 
each well. Hybridization of blot 
with 7 -actin probe demon- 
strated comparable amounts of 
RNA loaded in all wells. KB-3- 
1 = drug-sensitive parental KB 
cell line; KB-8-5 = multidrug- 
resistant KB subline. 
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Tabfe 1. Generally high MDR1 RNA levels in untreated cancers* 



Oncer «ype/ceUU»e Jo*£ Native ^J*** % positive Reference 



Colon carcinoma 41 10 25 85 t,77 

Renal cell carcinoma 50 35 5 80 tJ9 

Hepatoma 12 7 5 100 t 

Adrenocortical cancer 9 6 1 77 t,77 

Pheochromocytoma 20 11 4 75 t,77 

Islet cell tumor of pancreas 4 2 0 50 t 

CML (blast crisis) 3 3 0 100 t 

Carcinoid tumor 9 2 5 77 t 

NSCLC-NE (cell lines) 6 2 3 83 t 



*MDR1 RNA levels were measured by RNA slot blot analysis and are expressed relative to the level in the drug-resistant KB-8-5 cell line, which has 
been assigned a value of 30 U for the expression of 10 Mg of total RNA. 
tThis work. 

$ Lai S-L, Goldstein U, Gottesman MM, et aL detailed analysis in preparation. 
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Cancers With Intermediate Levels of MDR1 RNA 

Some untreated cancers were found to have detectable lev* 
els of MDR1 RNA <50% of the time. Included in this group 
were adult acute lymphocytic leukemia (ALL), adult ANLL, 
non-Hodgkin's lymphoma, and neuroblastoma (table 2). 

Cancers With Low or Undetectable Levels of MDR1 RNA 

A large variety of untreated cancers were found to have 
generally low «30 U) or undetectable levels of MDR1 
RNA. These cancers included breast cancer, non-small cell 
lung cancer (NSCLC), bladder cancer, CML in chronic 
phase, esophageal carcinoma, gastric carcinoma, head and 
neck cancer, melanoma, mesothelioma, ovarian carcinoma, 
prostate cancer, sarcoma, small cell lung cancer (SCLC), thy- 
moma, thyroid cancer, and Wilms* tumor (table 3). For nine 
specimens of squamous cell carcinoma of the lung (included 
in NSCLC), adjacent normal lung and tumor tissues from 
each patient were evaluated for expression, and no signifi- 
cant difference in MDR1 RNA expression was found (data 
not shown). 

Figure 4 illustrates the distribution of MDR1 RNA expres- 
sion in a few representative untreated cancers. Because of 
the wide range of RNA expression detected, a log scale was 
used. In this graph it is evident that most of the specimens 



of adrenocortical cancer and colorectal cancer had relatively 
high levels of MDR1 RNA, whereas most of the breast can- 
cer specimens and most of the Wilms* tumor specimens had 
undetectable MDR1 RNA levels, with only a few samples 
having low MDR1 RNA levels. 

Levels of MDR1 RNA in Relapsed Cancers 

Cancers that were initially sensitive to chemotherapy but 
that relapsed after treatment were also examined. Table 4 
lists those cancers in which we found high levels of MDR1 
RNA after treatment with chemotherapy. These cancers in- 
cluded non-Hodgkin's lymphoma, neuroblastoma, pheochro- 
mocytoma, breast cancer, CML in blast crisis, adult ALL, and 
adult ANLL In most cases we were not able to obtain speci- 
mens from the same patient before and after treatment How- 
ever, we did obtain such specimens from one child with ALL 
(Rothenberg M, Mickley L, Cole D, et aL: manuscript submit- 
ted for publication), from one patient with pheochromocy- 
toma, and from two patients with non-Hodgkin's lymphoma. 
One of the two patients with non-Hodgkin's lymphoma had 
an MDR1 RNA level of 8 prior to chemotherapy. This pa- 
tient was then treated with ProMACE-MOPP chemother- 
apy (cyclophosphamide, doxorubicin, etoposide, prednisone, 
mechlorethamine, vincristine, and procarbazine). At disease 
relapse, the MDR1 RNA level increased to 24. This tumor 
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Figure 2. MDRI expression in 
carcinoid tumors. Slot blot anal- 
ysis from four different un- 
treated carcinoid rumors. Se- 
rial dilutions of 10, 3, 1, and 
0.3 Mg of total RNA from 
each tumor were applied to 
each well. Hybridization of blot 
with 7-actin probe demon- 
strated comparable amounts of 
RNA loaded in all wells (data 
not shown). KB- 3-1 = drug- 
sensitive parental KB cell line; 
KB-8-5 = muludrug-resistant 
KB subline. 
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Figure 3. RNase protection assay of 
untreated cancers with elevated MDR1 
RNA levels by slot blot analysis. Sam- 
ples 1-6 are the same as in fig. 1. 
In each assay 20 Mg of total RNA 
was used Two bands were identified 
when RNA from KB- 8-5 cell line and 
RNA from KB-C1 cell line were used, 
corresponding to two major initiation 
sites (designated "IT and "D" for op- 
stream and downstream promoters, re- 
spectively). Only the band arising from 
downstream initiation site is present in 
these cancers. KB-3- 1 = drug-sensitive 
parental KB cell line; KB- 8-5 and 
KB-C1 = multidrug-resistam KB sub- 
lines; S = molecular weight standard; 
R = riboprobe; t - tRNA. 



Table 2. Occasionally high. MDR1 RNA levels in untreated cancers 



Cancer type 


Total No. 
of cancers 


No. positive 
(>30U) 


No. tow positive 
(2-29 U) 


% positive 


Reference 


ALL (adult) 


15 


2 


0 


13 


• 


ANLL (adult) 


24 


3 


0 


13 


* 


Non-Hodgkin's lymphoma 


18 


1 


3 


22 


• 


Neuroblastoma 


34 


1 


16 


50 


t 



•This work. 

t Goldstein U, Fojo A, Gottesman MM, et al: detailed analysis in preparation. 



Table 3. Low MDR1 RNA levels in untreated cancers 



Cancer type/cell line 


Total No. 
of cancers 


No. positive 
(>30U) 


No. low positive 
(2-29 U) 


% positive 


Refer* 


Breast cancer 


57 


0 


9 


15 


* 


NSCLC 










Tissue 


19 


0 


7 


36 


t 


Cell lines 


30 


0 


5 


16 


t 


Bladder cancer 


6 


0 


1 


16 




CML (chronic phase) 


3 


0 


0 


0 




Esophageal carcinoma 


14 


0 


0 


0 




Gastric carcinoma 


2 


0 


0 


0 




Head and neck cancer 


14 


0 


0 


0 




Melanoma 


3 


0 


0 


0 




Mesothelioma (cell lines) 


20 


0 


1 


5 




Ovarian carcinoma 


16 


0 


0 


0 




Prostate cancer 


3 


0 


0 


0 




Sarcoma 


11 


0 


0 


0 




SCLC (cell lines) 


2it 


0 


0 


0 




Thymoma 


1 


0 


0 


0 




Thyroid cancer 


4 


0 


0 


0 




Wilms* tumor 


20 


0 


0 


0 
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•This work. 

tLai S-L, Goldstein U, Gottesman MM, et al.: detailed analysis in preparation, 
t One sample was tumor tissue. 
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Figure 4. Quantitation ofMDR 1 
expression in represenutive un- 
treated cancers. Results ob- 
tained in slot blot analysis 
are graphically displayed for 
adrenocortical cancer, colorec- 
tal cancer, breast cancer, and 
Wilms* tumor. Values of indi- 
vidual tumors were expressed 
relative to the expression of the 
multidrug-resistant KB-8-5 cell 
line, which was arbitrarily as- 
signed a value of 30 U for in- 
tensity of 10 Mg of total RNA 
and gave an easily detectable 
and reproducible signal. 



was a nodular, poorly differentiated lymphoma. The other 
lymphoma specimen studied was also of an indolent his- 
tology. 

Discussion 

Common Expression of MDR1 Gene in Cancers 

In this study using RNA slot blot analysis, we have mea- 
sured the expression of the MDR1 gene in >400 human 
cancers. Our results show that slot blot analysis is a sensi* 
tive method for quantitation of the MDR1 gene expression in 
human tumors and that many human tumors express MDR1 
RNA. We have identified a group of untreated cancers that 
usually have elevated levels of MDR1 RNA. This group in- 
cludes colon cancer, adrenocortical cancer, pheochromocy- 
toma, hepatoma, pancreatic carcinoma, and renal cell car- 
cinoma. All of these cancers are derived from tissues that 
normally have relatively high levels of MDR1 RNA. These 
findings confirm that the MDR1 gene can continue to be 
expressed when a normal cell undergoes malignant trans- 
formation. All of these cancers are known to be clinically 
resistant to chemotherapy, and thus the MDR1 gene may be 
implicated in their intrinsic drug resistance. 

Variability in MDR1 Expression 

Within the group of cancers with high MDR1 RNA levels; 
we observed considerable variation from cancer to cancer 
(fig. 4). For example, the highest MDR1 RNA level in colon 
cancer was 60 and the lowest was 0; the highest adrenal 
cancer MDR1 RNA level was 90 and the lowest was 0. This 
variation was not a technical artifact due to the quality of 
RNA because all RNA samples were checked for intactness 
of the RNA by gels and for quantity by analysis of actin 
RNA levels. However, a number of other factors need further 
examination. One is the number of cancer cells and stromal 
cells in each specimen. Stromal cells such as fibroblasts and 



inflammatory cells tend to have very low MDR1 RNA levels. 
A second factor is the state of differentiation of the cancer. 
We have observed in kidney cancers (19) and colon cancers 
(Fojo A: unpublished data) that MDR1 RNA levels tend to 
be lower in less differentiated cancers. A third factor is the 
cell type from which the cancer emerges. For example, in the 
kidney, most cancers showed histological evidence of being 
derived from proximal tubules (J3), and the MDR1 gene was 
preferentially expressed in proximal tubules. In the pancreas, 
the MDR1 gene was preferentially expressed in collecting 
ductules. Although we have examined only four pancreatic 
cancers, the variable expression in this cancer could reflect 
the origin of the tumor. 

Within the various types of lung tumors that have been 
examined, only one group, NSCLC-NE, tended to have high 
MDR1 RNA levels. A detailed analysis of this group will be 
published elsewhere (Lai S-L, Goldstein LJ, Gottesman MM, 
et al.: manuscript in preparation). The group of untreated 
cancers that occasionally had high MDR1 RNA levels in- 
cluded ALL, ANLL, non-Hodgkin's lymphoma, and neuro- 
blastoma. These cancers are usually sensitive to chemother- 
apy. It will be important to gather more data to determine 
if the occasionally elevated levels of MDR1 RNA are asso- 
ciated with the occasional treatment failures seen in these 
cancers. 

Low or undetectable levels of MDR1 RNA were seen in 
many cancers, including some that are drug sensitive and 
several others that are generally considered to be resistant 
or poorly responsive to chemotherapy (e.g., lung cancers). 
Other mechanisms of drug resistance probably operate in 
these cancers, or heterogeneity of MDR1 RNA expression 
could account for resistant subpopulations in these cancers. 
In the case of breast cancer and NSCLC, some expression of 
MDR1 RNA was seen in 15%-36% of the tumors examined, 
which is consistent with the latter possibility. For breast can- 
cer, in particular, in which most of the cells may be stromal, 
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Table 4. MDR1 RNA levels in tumors relapsing after treatment 



Cancer type 



Chemotherapy* 



Total No. 
of cancers 



No. positive 
(>30U)t 



No, low positive 
(2-29 U)t 



% positive 



Reft 



Non-Hodgkin*s lymphoma 

Neuroblastoma 

Pheochromocytoma 

Breast cancer 

CML 
Chronic phase 1 
Blast crisis 
Blast crisis 

ALL(aduh) 
ANLL (Adult) 
ALL (childhood) 



+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 



18 
5 

34 
16 

20 
I 

57 
2 

3 
3 
3 

15 
1 

24 
5 

9tt 
20tt 



0 
0 



3 
2 

16 
11 

4 
0 

9 
2 

0 
0 
0 

0 
0 

0 
2 

o 
n 



*- = no chemotherapy; + = chemotherapy given, 
tn = not evaluated by quantitative slot blot analysis. 
J This work. 

§GoIdstein U, Fqfo A, Gottesman MM, et aL: detailed analysis in preparation. 

3^,^ inchnmic J*a* and CML in blast crisis with and without chemotherapy are from different patients. 

••Pirker R, Goldstein U. Ludwig H: detailed analysis in preparation. 

ttSamples analyzed by Northern blot and RNase protection only. 

tt Rothenberg M, Mickley U Cole D, et ab manuscript submitted for publication. 



22 
60 

50 
100 

75 
100 

15 
100 

0 
100 
66 

13 
100 

13 
80 

11 
15 



17 



a low level of MDR1 RNA expression could be significant 
To investigate the existence of heterogeneous expression, im- 
munohistochemical or in situ hybridization studies of tumor 
specimens may allow one to distinguish the differential ex- 
pression of various cell subpopulations. 

Acquired Drug Resistance 

Several lines of evidence now exist that indicate expres- 
sion of the MDR1 gene may be partly responsible for ac- 
quired clinical drug resistance. In addition to the data re- 
ported here showing increased MDR1 RNA levels in ALL, 
ANLL, lymphoma, breast cancer, pheochromocytoma, GML 
in blast crisis, and neuroblastoma, antibodies have been 
used tc demonstrate significant levels of P-glycoprotein in 
some patients with treated ovarian carcinoma, sarcoma, and 
leukemia (20-22). Clearly, further analysis of pretreatment 
and posttreatment MDR1 RNA levels and/or P-glycoprotein 
levels in the same patient is needed to prove the associa- 
tion of increased MDR1 RNA levels with acquired drug re- 
sistance. In tumors with acquired drug resistance, the mea- 
surement of elevated MDR1 RNA levels may help direct 
further chemotherapy by suggesting that agents affected by 
the mukidrug-resistance phenotype (i.e., Vinca alkaloids, an- 
thracyclines, and epipodophyllotoxins) not be used and that 
alternative treatments be considered. 

In addition to observing elevated MDR1 RNA levels in 
cancers that were intrinsically resistant or that had acquired 
resistance after treatment, we observed increased MDR1 
RNA levels in three patients with CML who had undergone 



blast crisis. This result raises the possibility that some step 
that leads to cancer progression, perhaps oncogene activa- 
tion, could also lead to expression of the MDR1 gene. It has 
been previously reported that MDR1 RNA levels are ele- 
vated in chemically induced tumors of the liver (34\ a result 
consistent with simultaneous activation of an oncogene and 
MDR1 RNA expression. 

Characterization of MDR1 RNA in Cancers 

RNase protection assays of many cancers that had positive 
expression confirmed the expression data of slot blot analysis. 
This protection assay is more specific than the slot blot assay, 
since the protection assay does not detect RNA transcribed 
from the closely related MDR2 gene, which has not been as- 
sociated with multidrug resistance (12,35). The RNase pro- 
tection assay has also allowed us to determine that transcrip- 
tion of the MDR1 gene in cancers of the colon and adrenal 
gland and carcinoid tumors occurs from the downstream pro- 
*moter, as does transcription in normal adrenal glands and 
colon tissues (23). Because some drug-resistant tissue cul- 
ture cell lines also use an upstream promoter, we have con- 
tinued analyzing cancers to determine which promoters are 
used. We have found that in the specimens from two of the 
four children with ALL with elevated MDR1 RNA levels re- 
ported here, transcription initiated at both the upstream and 
downstream promoters; in contrast, in the specimens from 
the other two children, only the upstream promoter was used 
(Rothenberg M, Fojo A: unpublished data). The use of two 
promoter sites has also been seen in both treated and un- 
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treated adult leukemias and lymphomas that have elevated 
levels of MDR1 RNA (Goldstein U, Pastan I Gottesman 
MM: unpublished data). The use of an upstream promoter 
in drug-resistant tumors suggests a different mechanism of 
regulation of expression of the MDR1 gene in such instances. 

Evidence Linking MDR1 Expression to 
Multidrug Resistance 

Our results have shown that cancers which are clinically 
drug resistant generally have elevated MDR1 RNA levels. 
Several lines of evidence suggest that multidrug resistance 
in cancers with elevated MDR1 expression is due, at least 
in part, to this expression: (a) when full-length cDNAs for 
the human or mouse MDR1 gene are transfected (36,37) or 
infected into human cells (38,39), these cells become mul- 
tidrug resistant; (b) unselected cell lines from tumors, such 
as renal adenocarcinoma with elevated MDR1 RNA levels, 
have a multidrug-resistant phenotype, and their resistance is 
reversible by use of verapamil and quinidine (40), which are 
inhibitors of the multidrug transporter (14); and (c) there is 
some correlation between MDR1 RNA levels in renal ade- 
nocarcinomas and resistance of tumor explants to vinblastine 
(79). Based on these results, controlled clinical trials in pa- 
tients with colorectal and renal cancers are under way with 
the use of quinidine as a reversing agent in conjunction with 
cytotoxic therapy including doxorubicin, etoposide, and vin- 
blastine. Another direction of further investigation will be to 
develop other less toxic reversing agents. 

Conclusions 

We have measured levels of MDR1 mRNA in many hu- 
man cancers. We have found elevated expression of the 
MDR1 gene in certain untreated cancers and in sonje treated 
cancers. Although the absence of MDR1 RNA expression in 
some dnig-resistant cancers suggests that other mechanisms 
of multidrug resistance exist, the widespread occurrence of 
MDR1 RNA expression in drug-resistant cancers suggests 
that the MDR1 gene plays an important clinical role in many 
cancers. We estimate ^SO.OOO new cases of cancers ex- 
pressing the MDR1 gene per year on the basis of our ex- 
pression data and the incidence of these cancers. Prospective 
trials correlating measurements of MDR1 RNA expression 
with clinical response to therapy will determine if MDR1 
levels are predictive of response. If they are, MDR1 RNA 
measurements may be usefiil in the design or the alteration 
of chemotherapeutic regimens in individual patients. 
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Phase I Trial of Trimetrexate Glucuronate on a 
Five-Day Bolus Schedule: Clinical Pharmacology 
and Pharmacodynamics 

Louise A Grochow* Dennis A. Noe, Gregory B. Dole, Eric K 
Rowinsky, David S. Ettinger, Michael L Graham, William P. 
McGuire, Ross G Donehower 



Trimetrexate glucuronate (TMTX), a nonclassical folate an- 
tagonist, has been evaluated clinically on several schedules. 
We have studied TMTX administered as an iv bolus for 
5 consecutive days every 3 weeks in 35 patients with ad- 
vanced solid tumors. Drug was given at doses ranging from 
7.6 to 18.8 mg/m 2 . The maximal tolerated dose was 13.1 
mg/m 2 per day X 5 for patients without prior myelotoxic 
treatment and 7.6 mg/m 2 per day X 5 for previously treated 
patients. Because of wide individual differences in drug tol- 
erance, dose escalation in 25% increments is recommended 
for patients not experiencing toxic effects. The dose-limiting 
toxicity was neutropenia. Rash and mucositis were also sig- 
nificant. TMTX concentrations were measured 1 and 24 
hours after each dose, and the data were fit by use of a 
one-compartment pharmacokinetic model. With this simpli- 
fied sampling and modeling scheme, the mean total body 
clearance (± SD) of trimetrexate was 31 ± 20 mL/min per m 2 
and the volume of distribution was 13 ± 7 Urn 2 . Mean 
plasma concentrations 1 hour after a dose were 1.12, 2.43, 
3 33, and 3.25 /xmol/L at 7.6, 9.1, 10.9, and 13.1 mg/m 2 , re- 
spectively. The mean TMTX concentration (± SD) 24 hours 
after a dose was 114 ± 87 nmol/L. The mean area under the 
concentration-versus-time curve at 13.1 mg/m 2 was 2,266 
/imoI'min/L. The drug concentration 1 hour after the first 
dose and the area under the concentration-versus-time curve 
were highly correlated with leukopenia and thrombocytope- 
nia (r = .6 and .65 and P = .0007 and .0001, respectively). 
The maximal tolerated dose on the daily X 5 schedule was 



30% of the dose tolerated on an iv bolus schedule. The choice 
of drug schedule for clinical trials when murine and human 
pharmacokinetics differ is discussed. Phase II trials are un- 
der way with both the iv bolus and the daily X 5 schedules. 
[J Natl Cancer Inst 1989;81:124-130] 



Trimetrexate glucuronate [TMTX; (6-(3,4^-trimethoxy- 
phenyl)amino rnethyl)-5-methyl-2,4-quinazoline diamine] is 
a novel, nonclassical folate antagonist with a broader spec- 
trum of cytotoxicity in preclinical models than methotrex- 
ate (/). TMTX was also chosen for further clinical stud- 
ies because it differs from methotrexate in several other 
pharmacologic properties. TMTX does not enter cells via 
the reduced folate transport system and is effective in tu- 
mor lines exhibiting resistance to methotrexate because 
of decreased transmembrane transport (2,3). A different, 
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Establishment of Cross-Resistance Profiles for New Agents 2 



F. M. Schabel, Jr,*t H. E. Skipper, M. W. Trader, W. R. Laster, Jr, D. P. Griswold, Jr, and T. H. 
Corbett 2 

Sublines of murine leukemias (L1210 and P388) and solid tumors selected for resistance to 
representatives of all of the chemical and functional classes of clinically useful anticancer 
' drugs have been isolated and established in serial in vivo passage and, in some cases, in 
vitro culture* Extensive resistance, cross-resistance, and collateral-sensitivity patterns have 
been established with most of the sublines of the drug-resistant murine leukemias under 
treatment with > 100 different established and clinically useful anticancer drugs or new 
candidate anticancer drugs currently under study. Patients selected for inclusion in phase 
I-II trials usually have tumors that have failed to respond to treatment with established 
clinically useful drugs, either from the start of treatment or during continuing treatment 
after initial useful response. These treatment failures are no doubt due, in many cases, to 
drug-resistant tumors if initially unresponsive or to the overgrowth of drug-resistant mu- 
tant tumor stem cells in initially responding patients who ultimately failed under continuing 
treatment. Therefore, the cros^resistance profiles of drug-resistant murine tumors to treat- 
ment with new drugs going into phase I-II trials should provide useful guides for patient se- 
lection for those trials. Also, these cross-resistance profiles will provide useful information 
indicating likely biochemical mechanism of action of new drugs with promising anticancer 
activity, thus guiding drug selection for combination chemotherapy trials in animals or 
man. Numerous examples of all of the above indications for useful application of such infor- 
mation derived from chemotherapy trials with drug-resistant murine tumors are re- 
ported. [Cancer Treat Rep 67:905-922, 1983] 



It is commonly observed with drug treatment of both 
leukemias and solid tumors of man and animals that 
initially drug-sensitive and responsive tumors become 
progressively less responsive and ultimately fail to re- 
spond during continuing treatment (1,2). 

Spontaneous mutation to drug resistance is common- 
ly observed among advanced-stage and grossly evident 
drug-sensitive murine tumors that are used as experi- 
mental models for chemotherapy trials and that were 
selected to represent the major histologic and organ 
types of human tumors (2). The rate of spontaneous 
mutation of murine tumors to resistance to single anti- 
cancer drugs varies markedly, being highest to mitotic 
inhibitors like vincristine (VCR) (1,2), less frequent to 
antimetabolite drugs like cytarabine (ara-C) (1-3), and 
lowest to highly active drugs like the alkylating agents, 
eg, cyclophosphamide (CPA) (1,2). Spontaneous muta- 
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tion to resistance to all chemical and functional classes 
of anticancer drugs, including the alkylating agents 
(4,5), has been observed in mice with total-body bur- 
dens of tumor stem cells that are at or below the small- 
est body burden of all organ or histologic types of can- 
cer in man at a time when the tumor is first clinically 
detectable (about 10 9 tumor cells in a single focus). 
Even patients without clinically evident tumor at the 
start of drug treatment, eg, those receiving drug treat- 
ment shortly after surgical removal or radiation kill of 
evident and accessible primary and/or metastatic 
lesions, would have had a total-body burden of tumor 
stem cells prior to surgery and/or radiation large 
enough to establish a high probability of the presence 
of residual tumor stem cells which could be resistant to 
any drug and therefore could be a potential obstacle to 
curative chemotherapy. 



search. Southern Research Institute. PO Box 55305, Birmingham. AL 

35255-5305. 

fDr. Schabel died on August 30. 1933. while attending a meeting in 
Vienna, Austria. 
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Since drug-resistant tumor stem cells are an indicated 
obstacle to curative drug treatment of clinically recog- 
nized systemic cancer in man and an objectively estab- 
lished obstacle to curative drug treatment of advanced 
and grossly evident cancer in experimental animals, it 
is important to develop methods for control of drug- 
resistant tumor ceils. 

We and other investigators are studying the drug- 
resistant problem in experimental cancer chemother- 
apy. 3 

When a new anticancer drug is selected for clinical 
trial on the basis of observed anticancer activity 
against one or more transplantable animal tumors or 
human tumor xenografts growing in animals, the pa- 
tient selection for phase I-II testing is often from pre- 
viously treated patients who did not respond to treat- 
ment or who ultimately relapsed under initially effec- 
tive and useful drug treatment. If the treatment failure 
was due to overgrowth of tumor cells resistant to the 
drugs used in initial treatment, new drugs without ac- 
tivity against tumor cells resistant to the inactive or 
failing treatment could be prospectively predicted to 
fail also. Therefore, the sensitivity to the new agent of 
animal tumor cells selected for resistance to clinically 
useful drugs that initially or ultimately failed to con- 
trol each individual patient's tumor should be a prime 
determinant in patient selection for phase I-II trials. If 
experimental tumors selected for resistance to the 
drugs to which the patient's tumor failed to respond 
were cross-resistant to the new drug entering phase 
I-II trials, that patient probably would fail under treat- 
ment with the new drug in clinical trials, and if a suffi- 
cient number of such patients were included in the 
trials, an otherwise promisingly useful anticancer drug 
could be overlooked and abandoned. 

Studies with animal tumor cells with known drug re- 
sistance have provided in the past, and can provide in 
the future, useful information on all of the basic phe- 
nomena relating to drug resistance, biochemical mech- 
anism of action of new drugs, etc. Included in the 
knowledge to be gained from such studies is an under- 
standing of the mechanism(s) by which originally drug- 
sensitive tumor stem cells become resistant to drug 
treatment: eg, enzyme deletion, membrane transport 
and intracellular retention of drugs, gene amplification 
resulting in increased formation of the target enzymes, 
comparison of cytotoxic moieties of alkylating agents, 
increased DNA repair in drug-resistant tumor stem 
cells, and increased levels of degradative enzymes, all 
of which may bear directly and individually or collec- 
tively on anticancer activity of the new drug in animals 
and/or man. 

different techniques and protvdurcs hit us*-d In iliffVirnl invest i pi- 
tors to collect and interpret data from druiM«'sist;itn t* studies. Since we 
are only responsible for our own data, we jire knmvin^lv. and with 
apologies to other investigators, limiting this re|M>rt. with few excep- 
tions, to data that have been collected at Southern Rest-arch Institute. 
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Drug-Resistant Murine Leukemias and Solid 
Tumors Isolated at Southern Research Institute 
and Available for Study 

Drug-resistant sublines of leukemias L1210 and P388 
are shown in table 1, and sublines of murine solid 
tumors that we have isolated under treatment with 
representatives of all of the currently recognized chem- 
ical and functional classes of clinically useful antican- 
cer drugs are shown in table 2. Logio changes in the 
body burden of the parent drug-sensitive (L1210/0 and 
P388/0) and the drug-resistant sublines of L1210 and 
P388 are shown in table 3. In tables 4 and 5, we have 
tabulated the results of extensive, but still far from 
complete, chemotherapy trials in which we treated the 
drug-resistant tumor sublines in the same experiment, 
in direct "head-to-head" comparison with the parent 
drug-sensitive tumor, using multiple doses of each drug 
under study, so that optimal therapeutic response of 

TABLE 1 -Murine leukemias selected for resistance to clinically useful 
anticancer drugs 



Resistant to-* 
L1210 P388 



Alkylating agents 






CPA 


X 


X 


Melphalan 


X 


X 


Carmustine 


X 


X 


Cisplatin 


X 


X 


Antimetabolites 






Ara-C* 


X 


X 


Hydroxyurea 


X 




Thiosem ica rba zonej 


X 




5-FU 




X 


5-Azacitidine (Azacyt) 




X 


6-Thioguanine (6-TG) 


X 




6-Mercaptopurine (6* MP) 


X 




6- Methyl mercaptopurine riboside (6-MeMPR) 


X 




Tiazofurin§ 




X 


Ara-A 




X 


Methotrexate (MTX) 




X 


DNA binders or intercalators 






Doxorubicin (ADR) 




X 


Dactinomycin (Act D> 




X 


Amsacrine (m-AMSA)5 




X 


Mitotic inhibitor 






VCR 




X 


Doubly resistant 






CPA and ara-C 


X 




Ara-C and 6-TG 


X 




Ara-C and 6- MP 


X 




Ara-C and 6-MeMPR 


X 




6-MP and 6-MeMPR 


X 





* X indicates that drug- resistant tumors have been adapted to growth 
in cell culture and are currently available. 

tWe also have an ara-C- resistant mutant of murine acute mye- 
logenous leukemia (AMU (RFM). 

tPyridine-2-carboxaldehyde thiosemica rba zone. 

§2-/)-D'Ribofuranosy1thiazote-4-carboxamtde. 

3 Isolated by R. K. Johnson. 
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TABLE 2. -Drug-resistant sublines of murine solid tumors isolated at 
Southern Research Institute during continuing treatment with drugs 
that initially caused regression of grossly evident (advanced) tumors 



Drug 


Tumor 


AllrvLntinfr >flwitft 




L-PAM 


M5076 ovarian 


Semustine (MeCCNU) 


M5076 ovarian 


Dacarbazine (DTIC) 


Colon 07 


DDPt 


Colon 04/C 


DNA binder or intercalator 




ADR 


Mammary 167C 


ADR 


Mammary 17/ A 


Antimetabolites 




Ara-C 


Colon 36 


5-FU 


Colon 12 


Triazine antifol (NSC- 127755) 


Colon 36 



< LD10 doses, based on change in the body burden of 
the stem cells of both the drug-resistant and the parent 
drug-sensitive tumor lines, could be made. The techni- 
cal procedures and the methods of estimating changes 
in the body burden of tumor stem cells have been de- 
scribed (7) and previously reported (2,8). Simply stated, 
the number of tumor stem cells present at the start 
and at the end of drug treatment are estimated from a 



plot of the mortality and median lifespan of untreated 
control mice implanted with log l0 dilutions of tumor cells 
from 10 7 down to one cell, with both the parent drug-sen- 
sitive and the indicated drug-resistant sublines in each 
experiment. From such plots, one can estimate the num- 
ber of tumor stem cells present at the start of and at the 
end of drug treatment, irrespective of size of the tumor 
implant, the duration of treatment, or other characteris- 
tics of the treatment schedule used. In our opinion, this is 
the most objective and quantitatively precise and repro- 
ducible method of estimating therapeutic effectiveness of 
drug treatment: ie, the change in the body burden of 
tumor stem cells observed under drug treatment at up to 
dose-limiting toxicity. Increase in lifespan (US), as it is 
commonly used as an endpoint for estimating therapeutic 
activity of drug treatment, commonly disregards the 
duration of treatment and does not provide objective esti- 
mates of the body burden of tumor stem cells at the end 
of drug treatment. If reduction of the body burden of 
tumor stem cells to below the number capable of re-estab- 
lishing the ultimately fatal disease is the goal of cancer 
chemotherapy, as we believe it is, then such estimates of 
the change in body burden of tumor stem cells by drug 
treatment (in the absence of cure) are essential for objec- 
tive evaluation of the therapeutic activity of any drug, 
drug combination, or treatment protocol 



TABLE 3.-Log 10 change* in body burden of tumor stem cells after optimal « LD10) drug treatment 



L1210/0 Ll210/drug-resistant P388/0 P388/d nig- resistant 



Alkylating agents 










CPA 


-6 


0 


-7 


-1 


L-PAM 


-6 


-2 


-7 


-1 


BCNU 


-7 


-2 


-7 


-1 


DDPt 


-5 


-i 


-6 


-2 


DNA binders or intercalators 










ADR 


-3 




-6 


.0 


Act D 


-1 




-5 




m- A MSA 


+ 1 




-6 


+ 3+ 


Mitotic inhibitor 










VCR 


+ 4 




-6 


-2 


Antimetabolites 










Ara-C 


-6 


+ 1 


-6 


-1 


Hydroxyurea 


-4 


+ 3 




Thiosemicarbazone 


-5 


+ 3 






5-FU 


♦ 1 




-5 


+ 2 


Azacyt 


-5 




-6 
-3 


+ 3 


6-TG 


-3 


0 




6-MP 


-2 


+ 1 


0 




6-MeMPR 


-4 


-1 


-1 




Tiazofurin 


-3 


-3 


+ 2 


Ara-A 


-4 




-fi 


+ 2 


MTX 


0 




-3 


+ 3 " 



* Log l0 change = net logio change in tumor stem cell population at the end of treatment as compared to the 
start of treatment; eg. a -3 log change means that there was a 99.9% reduction and a +3 log change means that 
there was a 1000-fold increase in tumor burden at the end of treatment. 

+ Data of Johnson and Howard (ref 6). 
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Resistance, Cross-Resistance, and Collateral 
Sensitivity of Selected Drug-Resistant L1210 and 
P388 Leukemias to Clinically Useful Anticancer 
Drugs and to New Drugs Under Development 

The data shown in tables 4 and 5 were usually ob- 
ta.ned by treatment with the optimal dose (from a 
dose-response study) and the optimal treatment sched- 
ules for the parent drug-sensitive tumor in each case. 
The compounds hsted in tables 4 and 5 are represent* 

f c nica , Uy . useful in each of 

ical and functional classes of anticancer drugs, as well 
as a number of other compounds that are now or have 
been^ under investigation as potentially useful new 

Generally consistent observations among the drug-re- 
sistent hnes of L1210 and P388 treated with cliniLy 
useful anticancer drugs or drugs in development as_ 
shown in tables 4 and 5 are as follows. 

1. Except for cross-resistance to other drugs with 
similar chemical structure and/or biologic fLtion 
mutation of tumor cells to resistance to onVdrug usual' 
ly does not result m resistance to other drugs, particu- 
.arly those of other functional classes. Fof example 
C 0 / CeUs n selected for distance to antimetaboute' 
Jmgs usually retain full sensitivity to alkylating 
agents, to drugs that bind to or intercalate with DNA 
md to mitotic inhibitors such as VCR. 
2. Tumor cells resistant to an anticancer drug are 

W L C Tr r r eSiStant ? StrUCtUral COn * eners «f «»t 
-rug, eg, 6-TG versus L1210/6-MP and congeners of 

iiZ* " S L 210/CPA " "-ever, exceptions to this 
•eneral principle are common, (a) L1210/CPA is cross- 

u T!!n > f nUmber ° f analogs of CPA but retains 
nil sensitmty ,n vivo to PM and IPM. The lack of 
ross-resxstance of L1210/CPA to PM and IPM may be 

TSzw^iPlS^^ aWehyde ^rogenase 

'Zllt f \ y u adeqU3te levels of PM IPM 
'ould be formed by normal metabolism of CPA or IFA 

M 7?d C ; resistance t0 CPA would not be evident 
I vl7 n °/ ^roT A (3t d0ses U P to dose-limiting tox- 
1 ? TV* CPA - resista "t tumor cells is not clearly 
iderstood but may be due to different pharma J 

"1 or C IPM m f StanC f^ (rate ° f Production ° f PM 
A or IPM from IFA). rate of cellular uptake and/or 

tlin 'I"' ° r ° ther unreco gni2ed variables. These 
sibil ties are supported by the fact that CPA is 

irkediy cytotoxic ,n vivo for L1210/CPA at single 

*s of about o times the LDlO.-' (6) L1210/DDPI is 
s-resistant to most analogs of DDPt but remains 

> sen S1 tive to the carboxyphthalato analog (NSC- 

<^*.z: !uZ» n ,iru,: mcr ,hi " "> ih< - 



271674) (tab e 4). The significance of these observa 
tions is not clear since both P388/0 and P38?/DDP^rl' 
essentially insensitive to NSC-27167 4 7tIh? « ^ 

sisS JT£ ieamW r but are ^-re- 

sistant to 2-fluoro-ara-A on an every day Dav 1 9 

treatment schedule, while 2-(1 W toLa is acUv! 

against P388/ara.A (table 5). These activities are * oe 

expected smce it is known that 2-fluoro-ara-A is *h«? 

phoryUted by CdR kinase and not by^ kinat 

Therefore, these failures to predict cross-resisted 

based on similar chemical structure between ara-A id 

Collateral Sensitivity 
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i ,^" merous exai °Ples of collateral sensitivity fCS>s nf 
L1210 and P388 selected for resistance toTntiSbt 

Ld sTir ™ ** Panted in Ss 4 

Md 5. These examples are listed in table 6 for purposes 
of d,scuss.on. The first marked CS reported was tK 

with. MTX (13). A similar CS of human leukemia cells 

™CR™^l* e f™ 1 of VaS 

ivwt, MTX, 6-MP, and prednisone) used in treating 

Sft h ^™ (ALL) of children * 
such CS of 6-MP-resistant ALL cells to MTX in man 

However' cTmafbf^ " d 
nowever, CS may be an asset worth investigating and 

attempting to exploit in relation to the conW ara 

and' P388/araT r ^ I" man " With L ^L"i 
and P388/ara-C a number of remarkable examples of 

(tebUeT antimetab ° lite d "* s ha - been observed 

th^JT^,^ greatest 08 shown ^ table 6 is 
TJJ> }°' ara - C 10 3 - de " a ^ine (about 8 orders 
LlZTf* Ce " m ° f L 1210/ara-C thanTf 

L1210/0 at equitoxic doses; ie, at < LDlO doses) 3 
Deazauridine has been tried, without therapTuTc M 
sponse m patients with AML who had hadVxtensivt 

sibly due to overgrowth of ara-C-resistant AML cells 
We have tried ara-C plus 3-deazauridine against body 
burdens of L1210/0 cells large enough to predkt treat 
ment fai ure due to ^ * { 

^erapeutic gain over that from ara-C alone was seen 
These clinical and laboratory failures to demonstrate 
therapeutic improvement associated with CS of Z c 
211*7 be due to the greater-thL^d ?£ 
n °™ al CClIS When deazauridine and 

L1210/6-MP shows CS to MTX and to some but not 

d vel« P ° UndS th3t haVC ^ Synthesized ' ^ drug 
development p r0 g rams new and impnv ^ 
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Table 6. 

Sensitivity. <=„>..-*.!«„„. «d CoU.ter.1 Sen.itivity of Anciaetaboli^-^tant: Leuke-i. L1210 «nd P388 



Agent 



LoglO Qiang e* Change In Tumor Step Cells at End of Optimal Therapy 
103 m mi? 11 lTOlant 10' Stem Cell I^nl^ 



HSCWo. " LliHttyfl tlM^ARA-C Llh(W6-MP TTfig 

Ara-C (Palmltate) 
Hydroxyurea 
Cuanazole 
P-2-TSC 



Ara-A + 2'dCF 
2-F-Ara-A 

2- F-Ara-AMP 

Tiazofurin 
L-Alanoslne 

3- beaxaurldlne 

Dihy dr o-5-azacy tl dine 

5-FU 

PALA 

Pyrazofurln 
Acivldn 

Hoaoharrlngtonlne 
MTX 

Dlchloro-MTX 

3-Deaza-MTX 

5-Deaza-aainopterin, 
Diethyl Ester 

10-Deaza-aminopterin 
Trine trexate 

5-Methyltetrahydrohomo- 

folic Acid 
Qulnazollne Antlfol 
Baker's Antlfol 
Trlazlne Antlfol 
DDMP 



135962 


*6 


▼A 


32065 


-4* 


-4* 


1895 


-4* 


-4* 


729 


-5 


-1 


404241 + 218321 




.1** 


118218 


-5** 


+4** 


328002 




286193 


-1** 




153353 
126849 






1 + 2 " 


- - l 


264880 


1 -2** 


-5** | 


19893 


+1 


+2 


224131 


+4 


+4 



143095 
163501 

141633 



327182 
139105 
127755 
19494 



+1 
+4 
+3 
+3 



-5 



740 


1 o 


.4 | 


29630 


i -1 


-5** 1 


344280 


| -1** 


-4** | 


346890 


| -1** 


-6** | 


311469 






| +2** 




328564 






139490 


+3 


+2 



+1 

+3** 

+3 
+3 



I Mil llgTMil:^ 



Ho 



-i 




-6 

+2 
-4** 



3D 



ZD 




ID 



CPA 



26271 



-6 



-6 



*1<T Cell Implant. " m 

**Slngle experiment. 
***Examples of collateral sensitivity are shown in the enclosed boxes. 

*Lo 8l o change - Net log 10 change in tumor stem cell population at the end of Rx as compared to the start of 
Si^fSld ^creaTe" i^t^rtTrd^^t^he" ITol «* * + > 108 *— ~ « • 



MTX-like drugs. Data in table 6 indicate that CS of 
L1210/6-MP separates these new drugs into two ob- 
viously different groups, based on both activity against 
L1210/0 and CS of L1210/6-MP. Perhaps this suggests 
that new drugs which bind tightly to dihydrofolate re- 
ductase (DHFR) or inhibit thymidylate synthetase 
should be tested against L1210/0 and L1210/6-MP for 
comparative MTX-like activity and also against one or 
more of a spectrum of solid tumors, eg, colon adeno- 
carcinomas 10, 12, 36, and/or 38 as well as ovarian 



M5076, all of which are markedly responsive to the 
new triazine antifol NSC-127755 (14) and more sensi- 
tive to Baker's antifol (NSC-139105), DDMP (NSC- 
19494), and/or 5-MeTHHF (NSC-139490) than to MTX. 6 
The broad-based CS of P388/ara-C to a number of in- 
hibitors of de novo purine or pyrimidine synthesis is 
also shown in table 6. These drugs might be considered 
for use in treating patients bearing tumors that initial- 
unpublished data from Southern Research Institute. 
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TABLE 7.— In vivo tumor cell kill with PALA (optimum response, treatment every day, Days 
l-9.at<LDl0doaes*) 







* umqr ■icxxi ecus 


f 




Implant 


QIMMt ■ £ Mi) 


lutnor ecu popuLslioo 


Tumor 


nir^ in 
• *r 




uiiuci u cduucni wlUi rALA 


P388/0 


10* 


2 * 10* 


+ 2 








+ 3 




10* 


9x 10 $ 


+ 3 


P388/ara-C 


10* 


3 x 10 l 


-4 




10* 


2x 10* 


-2 




10* 


5* 10' 


-2 




10* 


1 x 10* 


-3 




10* 


1 x 10 4 


-2 




10* 


2 x 10* 


-3 




10» 


2x 10 4 


-2 




10* 


5x 10* 


-3 



* The LDit dose of PALA, ip. daily. Days 1-9, is approximately 200 mg/kg/doae. 



tLogio change = net log, 0 change in tumor stem cell population at the end of treatment as 
compared to the start of drug treatment; eg, a -3 log change means that there was a 99.9% 
reduction and a +3 log change means that there was a 1000-fold increase in tumor burden at 
the end of treatment 



ly responded to ara-C but are failing during continuing 
treatment, presumably due to overgrowth of ara-C-re- 
sistant cells, or for use in combination with ara-C to at- 
tempt to control the ara-C-resistant tumor cells as they 
appear. 

Data in table 6 indicate that the body burden of 
LI 2 10/0 stem cells increases by about 2 orders of mag* 
nitude under treatment up to dose-limiting toxicity 
with PALA, but the body burden of P388/ara-C stem 
cells is reduced by about 3 orders of magnitude under 
the same treatment with PALA. Data in table 7 show 
the consistent reproducibility of the CS of P388/ara-C 
to PALA. It should be pointed out and always remem- 
bered that such consistent and reproducible biologic re- 
sponses can be accomplished only by diligent control of 
all variables (tumor, host mice, drug preparation, and 
most importantly, proper data evaluation). We have 
tested ara-C plus PALA against body burdens of 
P388/0 stem cells in excess (about 10* P388/0 stem 
cells) of the curative potential (because of overgrowth 
of P388/ara-C) of ara-C when used alone. Marked thera- 
peutic synergism, probably due to control of P388/ara- 
C that is CS to PALA, was repeatedly observed (3), 
thus establishing the validity of the thesis that CS to 
other drugs can be therapeutically exploited, at least in 
murine tumor systems, if drug treatment failure may 
be due to overgrowth of drug-resistant tumor cells that 
are CS to the second drug. 

There are two other important points based on the 
data in table 6 that deserve serious consideration: 

1. Usually drugs that are inactive (do not reduce the 
body burden of tumor stem cells when used alone) are 
not considered for inclusion in drug treatment proto- 
cols. PALA, pyrazofurin, L-alanosine, and perhaps 
acivicin might not be considered for clinical trial be- 



cause the body burden of stem cells of P388/0, general- 
ly considered to be highly , sensitive to most clinically 
useful anticancer drugs, increases markedly under 
treatment up to dose-limiting toxicity with all of these 
drugs except acivicin. Clearly, their marked cytotoxic 
activity against ara-C-resistant tumor stem cells should 
make them prime candidates for inclusion in drug com- 
binations being considered for clinical trial if ara-C is 
included in the drug combination and large body 
burdens of tumor stem cells (likely to contain ara-C-re- 
sistant cells) are present at start of treatment 

2. Since very sensitive, but consistent and reproduc- 
ible, tumor systems are needed for detection of candi- 
date antitumor drugs, particularly in screening for new 
drugs, serious consideration should be given to substi- 
tuting P388/ara-C for P388/0 as the primary screen, or 
as one of the primary screens, if several are used. If 
net reduction of the body burden of tumor stem cells is 
the requirement for antitumor activity (as it should be), 
the P388/ara-C would easily detect L-alanosine, 3- 
deaza uridine, PALA, pyrazofurin, and perhaps numer- 
ous other drugs that are now either discarded by the 
screen or considered to be of marginal interest because 
of relative insensitivity of the tumors, including P388, 
currently being used to screen for new agents. 

Pteiotropic Phenotypic Drug Resistance 

Variable cross-resistance patterns are seen among tu- 
mor cells selected for resistance to large polycyclic anti- 
cancer drugs that have markedly different biologic inhib- 
itory activities and chemical structures, among them 
some drugs that bind to or intercalate with DNA, some 
inhibitors of mitosis, and others that inhibit protein syn- 
thesis. The concept that resistance to multiple drugs may 



916 



Cancer Treatment Reports 



result from a single pleiotropic mutation to multiple drug 
resistance, with all of its negative implications to control- 
ling overgrowth of drug-resistant cells in large body bur- 
dens of tumor stem cells by combination chemotherapy, 
given either simultaneously or sequentially, has been re- 
ported by Ling (15,16) and included in these proceedings 
by Ling, Biedler, and others. 

Appearance of tumor cells that are resistant to a num- 
ber of anticancer drugs with markedly different chemical 
structures and likely different biologic mechanisms of ac- 
tion during in vivo treatment with a single drug has been 
repeatedly seen by us (2), and others (6,17,18). The drugs 
involved are primarily large polycyclic compounds known 
or presumed to bind to or intercalate with DNA, to bind 
to tubulin or otherwise inhibit mitosis, or to inhibit pro- 
tein synthesis. However, the variability of the cross-re- 
sistance patterns among these drugs is such that no pro- 
/ spective prediction that resistance to one of these drugs 
• confers resistance to others among this group of com- 
t pounds can be made with great confidence of accuracy, in 
1 the absence of objective data. 

Murine Leukemias 

Table 8 shows some of the cross-resistances that we 
have seen in therapy trials with P388 cells selected for re- 
sistance to some of these large polycyclic anticancer 
drugs. While cross-resistance among these drugs is com- 
mon, obvious exceptions are also common; eg, P388/ADR 
shows the greatest consistency of cross-resistance to oth- 
er large polycyclic drugs, but the P388/Act D retains es- 



sentially full sensitivity to ADR, dihydroxyanthracenedi- 
one (mitoxantrone), and VP-16-213. P388/VCR retains 
marked sensitivity to ADR, dihydroxyanthracenedione, 
Act D, and VP-16-213; however, P388/VCR and 
P388/ADR both are markedly cross-resistant to homo- 
harringtonine, while P388/ara-C shows marked CS to 
homoharringtonine (19) (table 6). 

Mammary Adenocarcinoma 16/C 

We have recently observed resistance and cross-resist- 
ance to members of this group of large polycyclic antican- 
cer drugs with at least one drug-sensitive solid tumor, 
suggesting that spontaneous pleiotropic mutation to mul- 
tiple drug resistance (ADR and VCR) also may occur in 
advanced solid tumors. These data are shown in figures 
1-3. B6C3Fi (C57BU6 9 x C3H or) mice bearing sc im- 
planted mammary adenocarcinoma 16/C ranging in size 
from 50 to 500 mg (mean size, about 280 mg) were treat- 
ed with ADR alone or CPA + ADR + 5-FU (CAF). Opti- 
mal regression responses of individual tumors are shown 
in figure 1. Overgrowth of presumed ADR-resistant tu- 
mors occurred early during treatment with ADR alone 
(fig 1, panel 2) and later with CAF (fig 1, panel 3). Tumor 
8 (fig 1, panel 3), 288 mg at start of CAF treatment, re- 
gressed to below palpable size by Day 21 (11 days after 
start of CAF treatment and 4 days after second treat- 
ment) and grossly evident tumor reappeared on Day 38 
after implant and 7 days before last treatment On Day 
71 after implant (26 days after last treatment), tumor- 
bearing Mouse 8 was killed and the tumor was passed to 



TABLE 8.-Sensitmty, resistance, and cross-resistance of P388/0 leukemia and sublines selected for resistance to ADR, Act D VCR 
orm-AMSAandofa colchicine-resistant subline of Chinese hamster ovary (CHO) cells to treatment with a variety of polycyclic 
anticancer drugs (DNA binders, mitotic inhibitors, and inhibitors of protein synthesis) 

Log io change * in body burden of tumor stem 









cells after optimal « LD10) drug treatment 




CHO ceils 


Drug 


NSC No. 


P388/0 


P388/ADR 


P388/Act D 


P388/VCR 


CHRC5/ 
colchicine* 


DNA binders or intercalators 
ADR 

Daunorubicin 
Anthracenedione 
m-AMSA 
Act D 


23127 
82151 
279836 
249992 
3053 


-6 
-6 
-7 
-6 
-5 


-2 

-u 

-1 
+ 2 
-1 


-5 

-6 

-2t 

-2 


-5 
-0 
-6 
+ 2t 
-5 


CR 
CR 


Mitotic inhibitors 














VCR 

Vinblastine 
VM 6-213 
Maytansine 
Colchicine 


67574 
49842 
141540 
153858 
757 


-6 
-3 
-7 
-6* 


+ 3 

+ 1 

-2* 


+ 3 
-5* 


+ 2 
0 
-6 


CR 
R 


Protein inhibitors 














Homoharringtonine 
Bruceantin 


141633 
165563 


-2 
-2 


+ 2 
+ U 




+ 1 





me^nX h tX^^^ '"T ^7 ^ ^ ^ *l "V* ° f treatmem * S COmparcd t0 the start of treat ™ nt; • ^ '<>* change 

tin vitro CR - reduction and a + J log change means that there was a 1000- fold increase in tumor burden at the end of treatment. 

Tin vitro. CR = cross-reststant and R = resistant (ref 16). 
tSingle experiment. 
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B6C3Fi mice and serially transplanted through six addi- 
tional passages without drug treatment The seventh pas- 
sage in B6C3Fi mice was treated in parallel (in separate 
mice) with the parent tumor (not previously treated with 
drug). The drug-resistant tumor selected by CAF (fig 1, 
panel 3, Tumor 8) was resistant to ADR but showed little 
or no resistance to either CPA or 5-FU (data not shown). 

When B6C3F! mice were implanted sc bilaterally 7 and 
treated with ADR, the ADR-sensitive tumor failed to ap- 
pear (fig 2, panel 3) before the ADR-resistant tumor grew 
to a lethal body burden (fig 2, panel 4). At a lower drug 
dose of ADR, some of the ADR-sensitive tumors grew (fig 
2, panel 5) but all of the ADR-resistant tumors grew to 
visible size and overgrew the ADR-sensitive tumors in 
the same host mice (fig 2, panel 6). In a separate experi- 
ment, the same ADR-resistant 16/C and ADR-sensitive 
parent tumors were similarly bilaterally implanted in 
B6C3F, mice and treated with VCR (fig 3). The ADR-re- 
sistant tumor overgrew and killed the mice (fig 3, panels 
4 and 6), while the ADR-sensitive tumor was markedly 
inhibited by treatment with VCR. We interpret these 
data to indicate that spontaneous mutation to resistance 
to ADR is accompanied by marked resistance to VCR in a 
tumor subline that had never been previously exposed to 
VCR. This is a convincing example of likely pleiotropic 
multiple drug resistance in an advanced murine mam- 
mary tumor that had never been exposed to one of the 
drugs (VCR) to which it is now resistant. 

To our knowledge, cross-resistance of this kind has 
been observed and reported only once before. Kaye and 
Boden (20) have reported that Ridgway osteogenic sar- 
coma, selected for resistance to Act D under treatment 
with Act D, was cross-resistant to both ADR and VCR 
but not to CPA. Therefore, this type of pleiotropic drug 
resistance is obviously not unique to murine leukemias or 
mammary adenocarcinoma 16/C and we should expect to 
see it again. 

Unilateral Cross-Resistance 

We have previously reported that L1210/L-PAM and 
P388/L-PAM show marked cross-resistance to treatment 
with DDPt, but Ll210/DDPt and P388/DDPt retain 
about the same sensitivity to treatment with L-PAM as 
do the parent L1210/0 and P388/0 (21) (tables 4 and 5). 
Connors (22) had previously reported that a line of Walk- 
er 256 carcinosarcoma in rats, selected for resistance to 
i.-PAM, was completely cross-resistant to treatment with 
DDPt, but whether or not Walker 256 resistant to DDPt 
will respond to treatment with l.-PAM has not been re- 
ported. 

Another example of unilateral cross- resistance is 
shown in table 5. P388/L-PAM is cross-resistant to treat- 



' The drug- resistant tuniur was impliintecl sr on tin* ii>:hl btrr.il thorax 
rfp.il the parnit rim** sensitive tumor wnt impl.inled on tin- Ml lateral 
thorax of each mous«». 



ment with VCR, but P388/VCR retains full sensitivity to 
treatment with L-PAM. 

These unilateral cross-resistances are not understood, 
but they could be important in drug selection for phase 
MI trials or combination chemotherapy studies. 

Use of Drug-Resistant Tumor Cells in New Drug 
Development 

The l-deaza-7, 8-dihydropteridines (listed under mitot- 
ic inhibitors in table 5: NSC-181928, NSC-269416, and 
NSC-330770) are of great interest because of their anti- 
tumor activity against P388/0, P388/VCR, and 
P388/MTX. The first compound in this series was pre- 
pared as an intermediate in the synthesis of 1-deaza-MTX 
(23). It was highly cytotoxic against KB cells in culture, 
but had very limited and equivocal cytostatic activity 
against L1210 in vivo. It was less active than MTX in in- 
hibiting DHFR. NSC-181928, NSC-269416, and NSC- 
330770 were then prepared on the basis of their in vitro 
cytotoxic activity. They did not inhibit DHFR and their 
in vitro cytotoxicity was not reversed by folinic acid (24). 
They were observed to reduce the body burden of P388 
stem cells by 4-5 logsi 0 . In studying their mechanism(s) 
of action, they were found to compete with colchicine for 
its binding sites on tubulin, 8 and VCR-resistant P388 
cells showed marked sensitivity to them. Additionally, 
they are markedly active against P388/MTX in mice. Be- 
cause of these activities against P388/0, P388/MTX, and 
P388/VCR, the following indications for testing in man 
appear plausible: (a) trial against MTX-sensitive tu- 
mors, particularly if resistance to MTX may be involved 
in ultimate treatment failure with MTX against initially 
MTX-sensitive tumors; (b) trial in combination with 
VCR, eg, against choriocarcinoma where MTX is useful 
and often curative when used alone, but where vinca al- 
kaloids increase the therapeutic effectiveness of drug 
treatment when used with MTX or as second-generation 
treatment; and (c) trial in childhood ALL where both 
VCR and MTX are used in remission induction and main- 
tenance therapy, and where, because of the size of the 
body burden of tumor stem cells at start of treatment, 
the overgrowth of tumor stem cells resistant to either 
VCR or MTX or both may be expected. Activity against 
both MTX- and VCR-resistant tumor cells appears to be 
unique, particularly with this type of structural and func- 
tional class of drugs. 

DISCUSSION 

Drug-resistant sublines of transplantable murine leuke- 
mias and solid tumors, with which significant and thera- 
peutically useful reduction of the body burden of tumor 
stem cells can be obtained by treatment with < LD10 dos- 



(i. V. Wheeler, perama I communication. 
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es of representatives of all of the major chemical and 
functional classes of clinically useful anticancer drugs, 
have been isolated. Resistance, cross-resistance, and col- 
lateral sensitivity of the drug-resistant murine leukemias 
have been determined. Certain patterns of drug re- 
sponses of these tumors appear to be consistent, and 
these should be useful in providing objective indications 
for patient selection for phase I-II clinical trials. They 
could also serve as guides for drug selection for clinical 



chemotherapy protocols where failure of drue tro.tni.nf 
du^ely overgrowth of dr^Xfi 
ly drug-responsive tumors has occurred. 

With the exception of a group of large polycyclic anti- 
cancer agents with which pleiotropic drug «2stan£ k 
known to occur mutations to drug resistance within indi- 
v,dual chemical and functional classes of antica££ 
drugs are characterized by cross-resistance to very close- 
ly related drugs, particularly if the relationship is funt 
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tional and not structural, although many, often not un- 
derstood, exceptions to this do occur. 

Within general functional classes of anticancer agents, 
eg, alkylating agents, cross-resistance is closely related to 
the presence or absence of similar or identical functional 
moieties (5). 

In addition to the obvious promise that utilization of 
data from resistance, cross-resistance, and CS studies 



with drug-resistant murine tumors may aid in improving 
drug selection for treatment of cancer patients, the 
promise of drug-resistant tumor cells to serve as labors- 
tory tools for increasing our understanding of both bio- 
logic and biochemical mechanism of action of anticancer 
drugs as well as the mechanisms of resistance, croes-re- 
sistance, and CS is obvious and already well-established. 
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(CANCER RESEARCH 44. 717-726, Ftobruvy 1984) 



Induction and Chemotherapeutic Response of Two Transplantable Ductal 
Adenocarcinomas of the Pancreas in C57BL/6 Mice 1 

T. H. Corbett, 1 B. J. Roberto,' W. R. Leopold * J. C. Peckham, 4 L J. Wilkott, D. P. Griswold, Jr., and 
r. M. scnabel, Jr. 

»*n*n 4S201 fT. H. CJ; 

Morristowrt. New Jersey 07960 [J. C. PJ 1 ' W " °' * G " Jr * Ft M ' S " Jr]: "* °^rtment of Toxicology, Allied Corporation. 



ABSTRACT 

Following implant of cotton thread-carrying 3-methyt-cholan- 
threne into the pancreas tissue of 90 C57BL/6 and 60 BALB/c 
mice, 13 developed ductal adenocarcinomas. Two of these 
tumors, both of C57BL/6 origin (Pane 02 and 03), were estab- 
lished in serial s.c. transplant. Pane 02 was treated with 37 
different anticancer drugs representing ail of the chemical and 
functional classes of clinically useful anticancer agents including 
alkylating agents, antimetabolites, agents that bind to or cause 
scission of DNA, and others that inhibit mitosis or inhibit protein 
synthesis. When drug treatment was started within 3 to 4 days 
after tumor implant. Pane 02 showed only limited response to 
treatment with two nitrosoureas, [A/'-{(4-amino-2-methyr-5-pyr- 
imidinyl)methyl]-A/-{2-chloroethyl)-W.nitrosourea, monohydro- 
chloride and *K2-chloroethyl)-A/X^^ 
trosourea)], and W-phosphonacetyl-L-aspartate. Drug response 
of Pane 03 was determined only with Adriamycin, 5-fluorouradl, 
cyclophosphamide, c/s-(SP-4-2)-diamminedichloroplatinum, or 
N ,N ' -bis(2-chloroethyl)-A/-nitrosourea . When drug treatment was 
started 3 days after tumor implant, high cure rates were obtained 
with Adriamycin treatment, and limited therapeutic responses 
were seen to treatment with c/s-diamminedichloroplatinum or 
cyclophosphamide. 

A comparison of the biological characteristics and drug re- 
sponsiveness of Pane 02 and Pane 03 with those of a number 
of other transplantable tumors of mice is reported. 

INTRODUCTION 

Prior to the development of the tumors reported herein, there 
have been no transplantable pancreatic ductal adenocarcinomas 
of mice available for chemotherapy, radiotherapy, biochemical, 
or biological studies. The in vivo use of transplantable tumors 
(pancreas or other) of hamsters or rats for most chemotherapy 
studies is less desirable than using mouse tumors because of 
space requirements, higher animal costs, and limited supplies of 
many investigational agents-required for use of these larger 
animals. It is for these reasons that we undertook a program to 
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chemically induce pancreatic tumors in inbred strains of mice. 

Two of the 13 pancreatic ductal adenocarcinomas induced 
were successfully established in passage and studied for biolog- 
ical and drug response characteristics. 

MATERIALS AND METHODS 

Tumor Induction. 3-MCA 5 (500 mg) was added to a heated (-100°) 
solution of paraffin (3 g) in sesame oil (4 ml). The temperature was slowly 
increased until a solution was effected. Six-inch lengths of Coats & Clark 
cotton quilting thread (available in one size only) were soaked for ap- 
proximately 2 min in the hot 3-MCA solution, were removed, and were 
allowed to cool. Loose 3-MCA was scraped from the thread. The mice 
[female C57BL/6 (Laboratory Supply Co., Indianapolis, IN, and Simonsen 
Laboratories. Gilroy, CA), male C57Biy6 (Southern Animal Farms), and 
female BALB/c (Harlan Industries and ARS/Sprague-Dawley, Madison. 
Wl)] were anesthetized with pentobarbital (60 mg/kg) and laparotomized 
to expose the pancreas. The cotton thread was then sewn into the 
♦ pancreas (one pass through the pancreas only), knotted, and trimmed. 
The mice were palpated and weighed weekly starting approximately 4 
months postimplantation of the 3-MCA thread. 

Tumor Passage. Afl tumors used were maintained in serial passage 
in the host of origin exclusively. Chemotherapy trials were carried out in 
an F, hybrid of the host of origin, i.e.. the tumor was transplanted from 
the host of origin strain into Fi hybrid mice of that strain for the 
chemotherapy trials. 

Chemotherapy. The techniques of chemotherapy and data analysis 
have been presented in detail elsewhere (4, 7, 8, 9. 17, 18). Briefly 
stated, the following method was used. The animals necessary to begin 
an experiment were pooled, implanted s.c. with 30- to 60-mg tumor 
fragments by trocar, and again pooled before unsefective distribution to 
the various treatment and control groups. Chemotherapy was started 
within 1 to 5 days after tumor implantation, while the number of cells 
was relatively small (10 7 to 10 9 cells; earty-stage disease). Tumors were 
measured with a caliper twice weekly until the death of the animal or 
cure was assured. Tumor weights were estimated from 2-dimensional 
measurements: 

Tumor wt (mg) -(ax b*)/2 

where a and b are the tumor length and width (mm), respectively. 

End Points for Assessing Antitumor Activity. The fdtowing quanti- 
tative end points were used to assess antitumor activity: 

(a ) Percentage of increase in host life span = 100 x [(MDD of the treated 
tumor-bearing mice) - (MDD of the tumor-bearing control mice)/MDD of 
the tumor-oearing control mice] 

and (b) the T-C value, where T and C were the median time (days) 

5 The abbreviations used are: 3-MCA. 3-metriyicholaiithrene; MOO, median day 
ofdeath; TO. tumor volume doubting time; LD 10 . dosage that caused lethality in 
10% of mice; T-C. tumor growth delay; ROS, Ridgway osteogenic sarcoma; 5-FU 
5-fluorouraca (NSC 19893); ds-ODPt, (SP^2)-^arnnmedic*tkyop^ (NSC 
1 19875); ADR. Adriamyc* (NSC 123127). 1 
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required for the treatment group and the control group tumors, respec- 
tively, to reach a predetermined size (500 or 750 mg). Tumor-free 
survivors were excluded from these calculations. In our judgment, this 
value was the single most important criterion of antitumor effectiveness 
because it allowed the quantitation of tumor cell kill. 

Calculation of Tumor Cell Kill. For s.c.-growing tumors, the tog t0 cell 
kifl per dose was calculated from the following: 



Logio kifl per dose = 



T-C value in days 
(3.32) (TD) (no. of doses) 



where TD (in days) was estimated from the best-fit straight line from a 
tog-linear growth plot of the control group tumors in exponential growth 
(100- to 800-mg range). The conversion of the T-C values to kxj 10 cefl 
kill was possible because the TD of tumors regrowing posttreatment 
approximated the TD values of the tumors in untreated control mice. 

T-C value in days 
Logio cell kifl ({gross or total) = — 

Logto cell kill (net) 

_ (T -C value in days) - (duration of treatment in days) 
(3.32) (TD) 

If the logio cell kifl (net) value was positive, there were fewer cells 
present at the end of therapy than at the start. If, on the other hand, the 
value was negative, the tumor grew under treatment. A positive gross 
value with a negative net value indicated inhibition of growth of the tumor 
cell population during drug treatment. 

The logio kill values were converted to an arbitrary activity rating 
published previously (Table 1) (8). 

It has been our experience that, if this conversion is not used, a single 
injection will invariably appear superior to longer treatment regimens 
when net cell kills are compared. Likewise, therapies of >20 days will 
appear superior to single injection schedules if gross tumor cell kills are 
evaluated and compared (Table 1). No agent received a ++++ activity 
rating unless a 40% or greater percentage of increase in host life span 
value was also obtained. An activity rating of +++ or ++++ is needed 
to effect partial or complete regressions of 100- to 300-mg masses of 
most transplanted solid tumors of mice (8, 9). Thus, an activity rating of 
+ or ++ would not be scored as active by usual clinical criteria 

The growth and chemotherapeutic response behavior of 6 transplant- 
able tumors of mice were used for comparison with the 2 transplantable 
pancreatic ductal aderKxardnomas. The induction (or discovery) and 
drug response characteristics of the following tumors have been de- 
scribed: Colon 36, 51, and 26 (3, 4, 7, 8, 17, 18); Mammary 16/c (5, 8. 
9, 17); ROS (15. 17, 24); ^Pu-induced osteogenic sarcoma (8, 12). The 
^Pu-tnduced osteogenic sarcoma was obtained as a cell culture sus- 
pension from Dr. L. A. Glasgow. It was readily reestablished in vivo 
following s c. implant of the cultured cells in C57BL/6 mice. 

RESULTS 

Tumor Induction and Tumor Biology. The induction of pan- 
creatic ductal adenocarcinomas by the implantation of cotton 

Table 1 

Comparison of tog 10 cell kill values to an activity rating 



Duration of treatment <5 


Duration of treatment 5 


Duration of treatment 


days log 


oktB 


to 20 days logio kffl 


>20 days tog, 0 Kifl 


Activity 












rating!* 


Net 


Net 


Gross 


Net 


Gross 


++++ 


>2.6 


>2.0 


>2.8 


>0.8 


>3.4 


+++ 


1.6-2.6 


0.8-2.0 


2.0-2.8 




2.5-3.4 


++ 


0.9-1.5 




1.3-1.9 




1.7-2.4 


+ 


0.5-0.8 




0.7-1.2 




1.0t1.6 


* . . 


<0.5 




<07 




<1.0 



lift 



Where +++-fcts highty active, and - is inactive. 
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threads saturated with 3-MCA was attempted on 60 BALB/c 
and 90 C57BL/6 mice. The tumors that arose with short latency 
periods (<220 days) were usually fibrosarcomas or tumors con- 
taining sarcomatous elements. Those tumors that arose with the 
longer latency periods were frequently pancreatic ductal adeno- 
carcinomas (Table 2). Indeed, no pancreatic ductal adenocarci- 
nomas arose before 220 days postimpiantation of the carcino- 
gen, and only 15 of 43 of the fibrosarcomas and mixed tumors 
arose after that period. Two of the 13 pancreatic ductal adeno- 
carcinomas were established in serial passage (Pane 02, latency 
528 days; and Pane 03, latency 473 days). The other 11 ade- 
nocarcinomas were transplanted but failed to survive the first 
passage. The biological characteristics of Pane 02 and 03 are 
listed in Table 3 and compared with 6 other transplantable solid 
tumors of mice. Photomicrographs of Pane 02 and Pane 03 are 
shown in Figs. 1 to 4. 

Pane 02 originated as a Grade II tumor (Grade IV being 
undifferentiated), producing copious amounts of fluid and ulcer- 
ating through the skin after trocar implant (without infection or 
necrosis) at a very small size (<400 mg). The tumor also carried 
a benign connective tissue component. Given the early surface 
ulceration and fluid production properties, the tumor was unsuit- 
able for chemotherapy trials. At passage 26, the tumor was 
established in cell culture by methods described previously (25). 
After transplantation back into mice, the tumor retained a well- 
differentiated histological appearance (a Grade III tumor) but 
produced very little fluid, did not ulcerate to the surface at a 
small size, and contained no connective tissue elements. All 
chemotherapy trials were carried out in mice on the line passaged 
in cell culture. We found Pane 02 to be among the most meta- 
static solid tumors evaluated to date (gross metastases were 
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seen in the lungs of >70% of all tumor deaths). Surgical removal 
of 500- to 900-mg s.c. tumors (15 days postimplant of 30- to 
60-mg fragments; 29th passage) resulted in only one cure in 15 
mice. Metastases were noted in the lungs, lymph nodes, and 
kidneys. No postsurgical primary site regrowths occurred. 

Pane 03 also originated as a Grade II tumor, producing fluid in 
variable quantities and also ulcerating to the surface, although 
usually at sizes >800 mg. The tumor was suitable for chemo- 
therapy trials. No attempt was made to establish Pane 03 in cell 
culture. The metastatic behavior of Pane 03 remains to be 
determined at a size suitable for surgical removal (500 to 1500 
mg), although gross metastases in the lungs were seen in only 
5 of 28 mice dying from large s.c. tumor masses. 

Chemotherapy. Pane 02 at an early stage of development 
(30- to 60-mg size) was examined for therapeutic responsiveness 
to 37 anticancer agents. These agents were used by schedules 
and routes of administration known to be active against other 
transplantable mouse tumors, [Except for tubercidin (NSC 
56408), which was found to be inactive against all transplanted 
solid tumors evaluated to date]. A minimum of 3 dosage levels 
(usually 10 mice/group) were evaluated (-1.5, 1.0, and 0.67 x 
historic LD 10 values). In all cases, the highest dose was toxic 
fcLDzo), establishing adequate treatment. Tumor growth plots 
of Pane 02 treated with 5-FU (NSC 19893) and ADR are shown 
as typical examples (Charts 1 and 2). The highest nontoxic 
dosage («sLD 10 ) was evaluated for antitumor activity (Table 4). 
At the highest nontoxic dosage (LD 10 or less), none of the agents 
evaluated was considered to be even moderately active (+++ 
activity rating, the minimum degree of cell killing needed to effect 
partial regressions of most transplantable solid tumors of mice). 
Three agents were weakly active (+ activity rating): 2 nitrosou- 



Table3 

Biological characteristics of 2 transplantable ductal adenocarcinomas of the 



pancreas compared with 6 other transplantable tumors of mice 



Tumor 


Mouse of origin 


Carcinogen 


Date of original 
transplant 


%of metas- 
tases to lungs 
from 1000-mg 

s.c. tumor 


Histology 


Grade 


Pane 02 


C57BL/6 - 




7/26/78° 


>80 


Adenocarcinoma 


III 6 


Pane 03 


C57BL/6* 




12/1/81* 


Unknown 


Adenocarcinoma 


II 


Colon 36 


BALB/c* 


1 ,2-cSmethyt hy- 
drazine 


6/21/73 


<5 


Adenocarctfioma 


III 


Colon 51 


BALB/c* . 


1 ,2-dimethyl hy- 
drazine 


8/6/73 


>80 


Adenocarcinoma 


III 


Colon 26 


BALB/c* ' 


Nitrosomethyl 
urethan 


6/5/73 


>80 


Undifferentiated 
carcinoma 


n/ 


Mamm 16/c 


C3H/He rf 


Spont. (virus as- 
soc.) 


1974 


>eo 


AoanocarcJnoma 


III 


"•Pu-induced 
OstSar 


C57BL/6 


™Pu 


1976 


-10 


Undifferentiated 
sarcoma 


rv 


ROS 


AKrri* 


Spont. 


11/18/48 


<1 


Undifferentiated 


IV 



Days for s.c. Days of ap- 
mass to reach proximate re- 
500 mg after cent genera- 
trocar impiant of tion tumor 
50-mg frag- volume dou- 
ments (median bting time 
at current gener- (100-800 
atton) mg) 



9-17 (12) 
20-43 (25) 
18-29 (20) 

13-24 (17) 

11-16 (14) 

7-11 (8) 

7-10 (9) 

11-15 (13) 



2.1-4.2 
4.5-8.1 

3.1- 5.0 

2.2- 5.3 
2.0-3.0 
1.2-2.0 
1.2-1.9 
1.4-2.0 



'Male mouse. 

c Lat ?^' ga ys: current passage generation is number 72 (March 1983). 
Becoming more undifferentiated with continuous passage. 
Female mouse. 

• Latency. 473 days; current passage generation is number 9 (March 1983). 
IV, undifferentiated. 
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Chart 1. 5-FU treatment of pancreas carcinoma 02. For experimental method, see Table 3 and 'Materials and Methods." Individual tumor growth was plotted for 3 
dosage levels. No significant tumor growth delay was noted at the highest nontoxic dose {HNTD). Percent ILS, percentage of increase in host life span. 
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reas, AT-{(4-amino-2-methy^5-p^ 
ethyf>W-nitrosourea, (NSC 245382) and W^^hloroethylHV'- 
(2 t &^xo^perdinyl)^-nftro80urea(NS^ 95466); and A/-phos- 
phonacetyK-aspartate (NSC 224131) (Table 4). 

The insensitivity of this highly metastatic tumor to the broad 
range of chemotherapeutic agents was obviously of great inter- 
est, since it mimicked the majority of human tumors of this type. 
We considered the possibility that the unresponsiveness may 
have been the result of passage of the tumor through cell culture. 
Although this possibility cannot be totally ruled out for this 
particular tumor, many other tumors retain marked responsive- 
ness to antiproliferative agents after passage in culture. For 
example, all in vivo chemotherapy trials with the ^Pu-induced 
osteogenic sarcoma (listed in Table 6) were carried out on a 
tumor derived from a cell culture line (1 2). We also maintained a 
cell culture line of Colon 26 that retained marked responsiveness 
to the nitrosoureas and moderate responsiveness to 5-FU when 
tested in mice. 6 

We also considered the possibility that the tissue of origin may 
have been responsible for the broad insensitivity of Pane 02. It 
is well known that many tumors arising from certain tissues have 
a high degree of responsiveness to selected agents. Examples 
are numerous: Wilm's tumor to actinomycin D, Hodgkin's disease 
to procarbazine, breast tumors to ADR, acute myeloblasts leu- 
kemia to 1 -0-D-arabinofuranosyteytosine, testicular cancer to c/s- 
DDPt, B-ceil leukemias to many of the available antitumor agents, 
etc. It is also well known that many tumors retain differentiated 
features of the tissue of origin and, thus, may retain drug 
sensitivities of the tissue origin (or alternately acquire a particular 
sensitivity because of the particular state of differentiation at the 
time the cancer conversion took place. We considered the pos- 
sibility that the opposite could also occur, i.e. , generalized insen- 
sitivity could be related to the intrinsic properties of the tissue of 
origin. Thus, one would project that the other transplantable 
pancreatic tumor would also be equally drug insensitive. Pane 
03 has only recently been passed in vivo for a sufficient number 
of generations to establish a reproducible take-rate and the 
stable growth behavior necessary for objectively reliable chem- 
otherapy trials. The results with the first 5 agents evaluated 
provided a definitive answer to the issue. Pane 03, which is 
slower growing and less metastatic than Pane 02, was markedly, 
sensitive to ADR (8 of 10 cures of early-stage disease and a 3.3 
Jog 10 tumor cell kill among those 2 tumors not cured), and 
modestly responsive to ris-DDPt and carboxypeptidase A (1.1 
and 1.8 log 10 cell kill, respectively) (Table 5). Neither 5-FU nor 
A/,A/'-bis(2-chloroethyf)^-nitrosourea was active (Table 5). 

DISCUSSION 

The discovery of these 2 transplantable pancreatic ductal 
adenocarcinomas of mice may provide experimental tumor 
models that can aid biological, biochemical, radtotherapeutic, 
and chemotherapeutic studies of this generally unresponsive 
cancer of humans. Although the testing with Pane 03 was limited, 
the marked responsiveness of this tumor to ADR and the mod- 
erate responsiveness to c/s-DDPt and cyclophosphamide may 
provide a rationale for a clinical trial with the potentiating com- 
binations of ADR + c/s-DDPt (2, 20) or ADR + c/s-DDPt + 
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cyclophosphamide (1 1 ). Based on the relative activities of these 
agents against Pane 03, a dosage ratio containing the highest 
proportion of ADR would be favored for combination usage (9, 
22, 23). Enthusiasm for the chemotherapeutic treatment of pan- 
creatic cancer with currently available agents is, however, tem- 
pered by the results obtained with Pane 02; a tumor model that 
seems to mimic the modest to poor results of many clinical trials 
in humans (10, 13, 14, 26, 27). 

The finding of ajymor (Pane 02) that is intrinsically insensitive 
to 34 different arrtKjmor agents and only weakly responsive to 
3 others is perhaps not completely unexpected if one considers 
the general patterns of antitumor drug responses in other trans- 
plantable solid tumors of mice. It has been recognized for many 
years that, in most cases, there are clear differences between 
resistance and innate insensitivity to an antitumor agent (6, 21). 
In the first case, the tumor responds to treatment, often undergo- 
ing a prolonged remission or regression, only to eventually 
regrow in the face of the same continuing drug therapy. This 
regrowth is usually due to cells specifically resistant, either 
partially or completely, to the drug (19). It is generally accepted 
that tumor stem cells specifically resistant to any drug and not 
induced by drug treatment are likely to be present (one of 1 0 4 to 
10 9 ) in the primary tumor (19). In the second case, the tumor 
that is intrinsically insensitive to the agent will continue to grow, 
without evidence of an initial response, unaffected by maximum 
tolerated dosages (~LDi 0 ). In other words, the intrinsically insen- 
sitive tumor cells possess no more vulnerability to the antipro- 
liferative agent than do the normal cells of the host that are 
responsible for the dosage limitations, e.g., WBC, platelets, and 
growth-inhibiting epithelium. The essential feature of drug re- 
sponse in randomly chosen transplantable solid tumors is the 
absence of an orderly or predictable pattern of either vulnerabil- 
ities or intrinsic insensitivities to any given set of antiproliferative 
agents (although there is often an increase in the frequency of 
tumors from a given organ system that respond to a particular 
drug, e.g., -60% of transplantable breast tumors respond well 
to ADR). 

Examples of the haphazard response patterns of several 
tumors are listed in Table 6. These range from among the most 
responsive of solid tumors (ROS) to among the most unrespon- 
sive (Colon 51 and Pane 02). Each of these tumors is intrinsically 
insensitive, and each (except Pane 02) is markedly sensitive to 
one or more of the agents listed. Reciprocal patterns of sensitiv- 
ities are common among these and other tumors (4, 5). For 
example, Mammary 16/c is highly responsive to ADR and insen- 
sitive to /V^'^s(2-chloroethyl)^^itrosourea the opposite pat- 
tern is seen with Colon 26 (highly responsive to A///'-bis(2- 
chkxoethyf)-A/-nitrosourea and insensitive to ADR). In another 
example, Colon 36 is highly sensitive to 1 -0-oarabinofuranosyi- 
cytosine and insensitive to A/-(2-chloroethyl)-N '-<2,6~dtoxo-3-pi- 
perdinyl)-A/-nitrosourea; the opposite pattern is seen with Colon 
51. Interestingly, both Colon 36 and 51 were induced in the 
same organ with the same dose of the same carcinogen in the 
same birthdate batch of inbred BALB/c mice from the same 
supplier (3), illustrating that the specific sensitivities of tumors to 
currently available drugs may often be acquired unpredictably 
during carcinogenesis, and are clearly independent of host fac- 
tors. 

In isolated instances, intrinsic insensitivities to a particular 
antitumor agent could be due to a specific mutational event (e.g. , 
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deletion of deoxycytidtne kinase for 1-/^o-arabirK)furanosytyto- 
stne resistance) occurring within the first few ceQ doublings of 
the original tumor and, thus, becoming a high-frequence cell type 
within the tumor mass. However, mutationaHy related resistance 
to one agent (especially alkylating agents and antimetabolites) 
has not produced resistance to most agents of differing chemical 
classes and differing mechanisms of action (19). Thus, the insen- 
srtivities to several different antiproliferative agents of different 
chemical classes that appear to occur in all tumors (Refs. 4, 5, 
and 8; Table 6), are unlikely to be explained by multiple mutational 
events which independently occur at a frequency of only 10" 4 to 
1 0" 9 . Further, any hypothetical mutation to resistance that would 
confer broad insensitivity to multiple classes of antiproliferative 
agents would seem inconsistent with the pattern of marked 
vulnerabilities that haphazardly occur in these same tumors 
(Refs. 4, 5, and 8; Table 6). 

The contention that any tumor will respond to any of the 
antitumor drugs if treatment is initiated at a small enough size 
(favorable growth kinetic status) is simply not true (6). Many 
rapidly growing tumors like Pane 02, Colon 26. Colon 51 , ^Pu- 
induced osteogenic sarcoma, mammary adenocarcinoma 16/c, 
and even ROS are totally insensitive at a small size to dosages 
of agents that are curative for one or more of the other tumors 
as well as selected slower-growing tumors. 

Thus, in the examination of a large number of different trans- 
plantable solid tumors of mice from various organ systems, it is 
clear that each has a different pattern and degree of responsive- 
ness to currently available antitumor agents (4, 5, 8, 9, 15, 17, 
24). Some are markedly vulnerable to several different agents 
from several chemical classes (e.g., ROS), whereas most others 
are markedly vulnerable to only a few and often only one agent 
or class of agents (e.g., Colon 51). All appear to have a few very 
modest responses to maximum tolerated dosages of various 
drugs, but these would be classified as inactive by clinical 
standards (partial regressions required for activity). All transplant- 
able tumors examined appear to be intrinsically insensitive to 
several agents that are highly active against some other tumor. 

In general, one wishes to evaluate the chemotherapeutic re- 
sponse characteristics of a number of transplantable tumors 
from a given organ system and histological type in the hopes of 
finding redundancies in vulnerabilities that could translate into 
useful single-agent and combination-agent treatments for the 
clinic. In selected tumor types (e.g., breast), a degree of redun- 
dancy has been found (1 , 5, 16). In other cases (e.g., colorectal 
tumors), a more random pattern of vulnerabilities has been seen 
(4, 8, 9). This later case (and tumors like Pane 02) provides few 
clinical leads and may cause one to question the methods by 
which most antitumor agents are selected, /.e. f should we be 
selecting agents on the basis of the peculiar drug response 
characteristics (vulnerabilities) of a single uncommon tumor of 
mesenchymal origin (P388 leukemia)? Will not the single primary 
selection model (with a certain set of marked vulnerabilities) 
repeatedly select the same types of agents with the same 
mechanisms of antiproliferative activity? Is it not reasonable to 
assume that other tumors, especially of ectodermal or entoder- 
mal origin, may have marked vulnerabilities to agents inactive 
against the current selection model? Is it not possible that agents 
with modest activity against a true cancer target (an activity 
which could be improved upon with analog synthesis) may be 
overlooked because of the marked vulnerabilities of the primary 
selection model (P388) to so many antiproliferation targets? 
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Where ++++ is highly active, and - is inactive. 
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Lowest dosage used for 5-FU was 65 mg/kg/dose. The 2 higher dosage levels were excessively toxic 

Table 6 

Comparis&i of the artitumor art 

^ceptforRf^theac^ Activm/ ratines freouentiv 

to e ?f* ment 'n al c^ tr* tumors were implanted si. and the agents were injectecTano^^ JPpTSE ? 
The activity ratings for ROS were based on partial regressions (>50% mass reduction) of advanced stage (0.5 to2 g) tumors. h 























Triazine 




Cyclophos- 
phamide 


PCNU* 


cis-DDPt 


AOR 


Actinomy- 
cinD 




5-FU 


Procar- 
bazine 


Vincristine 


antrfol 
NSC 
127755 


Pan 02 


_b 


+ 


















Pan 03 


++ 




++ 


++++ 


NA C 


NA 




NA 


NA 


NA 


Colon 36 


++ — +++ 




+ 


++-♦+++ 


+ -►++ 


++++ 


+ 


++ 




++++ 


Colon 51 


+ 


+++ -* +++-> 


■ ++ 


± 














Colon 26 


++ 


++++ 


+++ 


--* + 






++ 






+ 


Mamm 16/c 


++->+++ 




+ 


+++ ++++ 


NA 


++ 


++-*+++ 


NA 


++ 


+ 


»Pu 
indOstSar 


++++ 


+++" 


+++ 




NA 






NA 






ROS 


++++ 


-^+ rf 


++-•+++ 


+++ -* ++++ 


++++ 




++-►+++ 




++ -» +++ 


NA 



* For list of abbreviations, see Table 4. 

e" to tl w 7?? ssiw: * M "' 10 to2 0% Partial regressions; +++. 30 to 80% partial regressions; ++++, >90% partial regressions and 72% cures. 

NA, not available. 
0 BCNU [*.Ar-bis(2-cttcfoetrty^^ 



ACKNOWLEDGMENTS 

The authors gratefuty acknowledge the technical assistance of L Pofin H 
Grates, C. Howard. T. Ayer, Q. Gamble, J. Seay, P. Holum. P. Blair, and E. A.' 
Dutmage in the collection of laboratory data, and the assistance of L Pofin, T. 
Ayer, L Muglach, M. Thomson, D. Harper, C. Schulman, L Letno, and D. Troeckler 
in manuscript preparation. 



724 



REFERENCES 

1. Bogden, A. E., and Taylor, D. J. Predictive mammary tumor test systems for 
experimental chemotherapy. In: J. C. Heuson, W. H. Mattheiem, and M. 
Rozencweig (eds.). Breast Cancer Trends in Research and Treatment, pp. 
95-1 10. New York: Raven Press, 1976. 

2. BurchenaU.H..Kalaher,lt.r^.K..ljo^ 



CANCER RESEARCH VOL 44 




resistance, syiioi uistic conbinations and blocking of activity of platk^jm dortv- 
altos. BtocNmto (Paris). 6a 961-965. 1978. 

3. Corbett T. K. Grtswofct D. P., Jr.. Roberts, a X. Peckham,' J. C. and 
Schabel. F. M..jr.TimrMucltonra(atiorish^ 

able cancers of the colon In mice for chemotherapy assays, with a note on 
ca rcinoge n structure. Cancer Res., 35: 2434-2439, 1975. 

4. Corbett T. H.. Griswott, 0. P.. Jr.. Roberts. B. J.. Peckham. J. C. and 
Schabei, F. M., Jr. Evaluation of stag*) agents and combi nati on s of cherno- 
therapeutic agents in mc * colon c a rcino mas . Cancer (Phia.). 40: 2660- 
2680,1977. 

5. Corbett T. K. Griswoid. D. P., Jr.. Roberts. B. J.. Peckharn. J. C. and 
Schabel. F. M.. Jr. Biology and therapeutic response of a mouse mammary 
adenocarcinoma (16/c) and its potential as a model for surgical adjuvant 
crwmotherapy. Cancer Treat Rep.. 6Z 1471-1488. 1978. 

6. Corbett. T. H.. Griswoid. D. P.. Jr.. Roberts. B. J., and Schabel. F. M., Jr. 
Cytotoxic adjuvant therapy and the experimental model. Chap. 10. in: B. K 
Stol (ed.), New Aspects of Braast Cancer Systemic Control of Breast Cancer. 
Vol 4. pp. 204-248. London: WKam Heinemann MecfcaJ Books. Ltd.. 1981. 

. 7. Corbett T. H., Griswoid. 0. P.. Jr.. Wc+pert M. K.. VenoTttt. J. M. t and Schabel. 
. m., jr. Design ana evaluation or oorronaoon cnernotnsrapy mats m exper- 
imental animal tumor systems. Cancer Treat Rap.. 63(5V 799-801 . 1979. 

6. Corbett T. H., Leopold. W. R.. Dykes. 0. J.. Roberts. B. J.. Griswoid. D. P.. 
Jr.. and Schabel. F. M.. Jr. Toxicity and anticancer activity of a new triazine 
anttfoiate (NSC 127755). Cancer Res.. 42: 1707-1715. 1982. 

9. Corbett T. H.. Roberts. B. J.. Trader. M. W.. taster. W. R.. Jr.. Griswoid. D. 
P.. Jr.. and Schabel. F. M., Jr. Response of transplantable tumors of mice to 
anthracenedione derivatives alone and in combination with cSnicaly useful 
agents. Cancer Treat Rep.. 66: 1 187-1200. 1982. 

1 0. Frey. C, Twomey, P.. Keehn. R.. Elott 0.. and Ktggins. G. Randomized study 
of 5-FU and CCNU in pancreatic.cancer. Cancer (Phia.), 47: 27-31 . 1 981 . 

11. Gale. G. R.. Atkins. L. M.. Meischen. S. J.. Smith. A. B.. and Walter, E. M., 
Jr. Combin a tion cftemotherapy of L1210 leukemia with platinum compounds 
and cyclophosphamide plus other selected antineoplastic agents. J. Natl. 
Cancer Inst. 57; 1363-1366. 1976. 

12. Qasgow.L A., Crane. J. L. Jr.. and Kern. E. R. Antitumor actrvity of interferon 
against murine osteogenic sarcoma cells in Vitro, J. Natl. Cancer tnst. 60: 
659-663. 1978. 

13. Go. Vay Uang, W., Taylor. W. F., and DiMagno. E. P. Efforts at early diagnosis 
of pancreatic cancer the Mayo Clnic experience. Cancer (Phfta.), 47: 1698- 
1703.1981. 

14. Norton. J., and Gettw. R. Trials of single agent and combination cnemotherapy 
in advanced cancer of the pancreas. Proc. Am. See Cin. Oncol.. 21: 420. 
1980. 

1 5. Laster, W. R.. Jr. Ridgway osteogenic sarcoma — a promising laboratory model 




Chemotherapy of 2 Pancreatic Ductal Tumors of Mice 

for s pecia l therapeutic trials against an aoVanceoVstage, onjg sensitive animal 
tumor system. Cancer Chemother. Rep.. & 151-168. 1975. 

16. Martin. 0. S.. Fugmana R- A.. StoM. a L. and Hayworth, P. E. Sold tumor 
animal modol therapouticafy predctive for human breast cancer. Cancer 
Chemother. Rep., 5* 69-109. 1975. 

17. Schabel. F. M.. Jr.. Griswoid. D. P.. Jr., Corbett. T. H.. Laster. W. R.. Jr.. 
Mayo. J. G.. and Uoyd, H. H. Cancer drug development Part B: testing 
therapeutic hypothe se s in mice and man: ob se rv a tion s on the therapeutic 
activity against advanced sold tumors of mice treated with anticancer drugs 
that have demonstrated or potential cfinfcal utffty tor treatment of advanced 
sold tumors of man Methods Cancer Res.. 77:3-51.1979. 

18. Schabel. F. M.. Jr.. Griswoid. 0. P.. Jr.. Laster. W. R.. Jr.. Corbett T. H.. and 
Uoyd. H.H. Quantitative evaluation of anticancer ac^t actwrty r experimental 
arimals. Pharmacol Thar. Part A Chemother. Toxicol. Metab. tnhtttors. 1: 
411-435.1977. 

19. Schabel. F. M.. Jr.. Skipper. H. E.. Trader. M. W.. Laster. W. R.. Jr.. Corbett 
T. H.. and Griswoid. 0. P.. Jr. Concepts for ou nuu ing drug resistant tumor 
cats, in: H. T. Mouridsen and T. Palshof (eds.). Breast Cancer. Experimental 
and dnicaJ Aspects, pp. 199-211. Oxford: Pergamon Press. 1980. 

20. Schabet F. M.. Jr.. Trader. M. W.. Laster. W. R.. Jr.. Corbett T. H.. and 
Griswoid. D. P.. Jr. cfc-OichkxTxJtoTVTiinepiatirxjm (II): combination chemother- 
apy and cross-resistance studtes with tumors of mice. Cancer Treat Rep.. 63: 
1459-1473. 1979. 

21. Skipper. H. E. Thoughts on cancer chemotherapy and oomtxri a tion modalty 
therapy. J. A. M. A.. 230: 1033-1035. 1974. 

22. Skipper, H. E. Ideatzed hypothetical lustrations of the effects of speciflcaJy 
drug-reststant leukemia cess on end-nasufts achievable with single dnjgs and 
combi na tion s . In: Cancer Chem o ther ap y. Vol. 3. Ann Arbor, Ml: university 
Microflms International, 1979. 

23. Skipper, H. E. Ridgway osteogenic sarcoma: response at different stages to 
surgery, single (tugs, combinations of drugs and surgery cherrctherapy. In: 
Cancer Chernotherapy. Vol 5. Arm Arbor, Ml: University Microflms Interna- 
tional, 1979. 

24. Sugiura^K., and Stock, C.C. Studes in a Turr^ 
382-402. 1952. 

25. Urich, K.. and Meter, J. A simple micro tissue culture method for the determi- 
nation of ryrnphocyte cytotoxicity in vitro, Proc. Sec Exp. Biol. Med.. 130: 
1297-1301. 1969. 

26. Wiggins. R. G.. Woosey. P. V., MacOonald. J. S., Smythe, T„ Ueno, w.. and 
Schein. P. S. Phase II trial of s trep t o z o t ocin. mitomycin C and 5-ftuorouraci 
(SMF) in the treatment of advanced pancreatic cancer. Cancer (Phila.). 41: 
387-391.1978. 

27. Zimmerman. S. E., Smith, F. P., and Schein. P. S. Chemotherapy of pancreatic 
carcinoma. Cancer (Phia.). 47: 1724-1728. 1981. 



FEBRUARY 1984 



725 



T.H.CorbettetaL 





726 * , CANCER RESEARCH VOL. 44 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 



Itf REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 
□ OTHER: " 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 




